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Laser-induced  multi-energy  processing  (MEP)  introduces  resonant  vibrational 
excitations  of  precursor  molecules  to  conventional  chemical  vapor  deposition  methods 
for  material  synthesis.  In  this  study,  efforts  were  extended  to  explore  the  capability  of 
resonant  vibrational  excitations  for  promotion  of  energy  efficiency  in  chemical  reactions, 
for  enhancement  of  diamond  deposition,  and  for  control  of  chemical  reactions.  The 
research  project  mainly  focused  on  resonant  vibrational  excitations  of  precursor 
molecules  using  lasers  in  combustion  flame  deposition  of  diamond,  which  led  to:  1) 
promotion  of  chemical  reactions;  2)  enhancement  of  diamond  growth  with  higher  growth 
rate  and  better  crystallizations;  3)  steering  of  chemical  reactions  which  lead  to 
preferential  growth  of  { 100} -oriented  diamond  films  and  crystals;  and  4)  mode- selective 
excitations  of  precursor  molecules  toward  bond-selective  control  of  chemical  reactions. 

Diamond  films  and  crystals  were  deposited  in  open  air  by  combustion  flame 
deposition  through  resonant  vibrational  excitations  of  precursor  molecules,  including 
ethylene  (C2H4)  and  propylene  (C3H6).  A  kilowatt  wavelength-tunable  CO2  laser  with 


spectral  range  from  9.2  to  10.9  pm  was  tuned  to  match  vibrational  modes  of  the  precursor 


molecules.  Resonant  vibrational  excitations  of  these  molecules  were  achieved  with  high 


energy  efficiency  as  compared  with  excitations  using  a  common  COt  laser  (fixed 
wavelength  at  10.591pm).  With  resonant  vibrational  excitations,  the  diamond  growth  rate 
was  increased;  diamond  quality  was  promoted;  diamond  crystals  with  lengths  up  to  5  mm 
were  deposited  in  open  air;  preferential  growth  of  { 100} -oriented  diamond  films  and 
single  crystals  was  achieved;  mode- selective  excitations  of  precursor  molecules  were 
investigated  toward  control  of  chemical  reactions. 

Optical  emission  spectroscopy  (OES),  mass  spectrometry  (MS),  and  molecular 
dynamic  simulations  were  conducted  to  obtain  an  in-depth  understanding  of  the  resonant 
vibrational  excitations.  Species  concentrations  in  flames  without  and  with  laser 
excitations  under  different  wavelengths  were  investigated  both  experimentally  and 
theoretically.  Detection  of  Co,  CH,  and  OH  radicals,  as  well  as  CxHy  species  and  their 
oxides  (CxHyO)  (x=l,  2;  y=0~5)  using  OES  and  MS,  together  with  reaction  pathway 
simulations,  were  used  to  explain  the  effect  of  vibrational  excitations  of  precursor 


molecules  on  chemical  reactions  and  on  diamond  depositions. 
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1.1  Motivation 

Chemical  reactions  hinge  on  energy  distribution  among  internal  and  translational 
energies  of  reagents  [1,  2].  Conventionally,  chemical  reactions  in  methods  for  chemical 
vapor  deposition  (CVD)  of  materials  are  driven  by  collisions  among  molecules,  atoms, 
ions  and  electrons  [3].  The  indiscriminate  nature  of  collisions  makes  energy  efficiency  of 
the  conventional  thermal-driven  methods  very  low.  Another  disadvantage  caused  by  the 
indiscriminateness  is  that  it  is  almost  impossible  to  control  bond  breakings  and  hence 
directions  of  the  chemical  reactions  in  CVD  of  materials.  Chemical  reactions  in  CVD 
processes  involve  bond  breaking  and  bond  rearrangement,  which  directly  result  from 
vibrational  excitations  of  molecules  or  molecular  ions  [3].  It  is  hence  believed  that 
vibrational  excitations  of  molecules  or  molecular  ions  are  critical  for  chemical  reactions 
in  CVD  processes  for  materials  synthesis  [1-4].  Multi-energy  processing  (MEP)  is  hence 
proposed  to  1)  increase  efficiency  of  energy  coupling,  2)  promote  growth  rate  and  quality 
of  materials,  and  3)  achieve  steering  and  control  of  chemicals  reactions  in  CVD  processes 
for  materials  synthesis.  In  this  dissertation,  MEP  refers  to  driving  of  chemical  reactions 
through  a  combination  of  thermal  method  (translational  energy)  and  vibrational 
excitations  using  lasers.  Because  frequencies  of  molecular  vibrations  are  in  the  infrared 
(IR)  range,  IR  lasers  are  ideal  energy  sources  to  achieve  resonant  excitations  of  molecular 
vibrations.  Another  advantage  of  IR  lasers  is  that  their  narrow  bandwidth  prepares  a 
single  vibrational  eigenstate,  which  makes  control  of  reaction  pathways  feasible  [2] . 
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Due  to  its  extreme  properties,  diamond  has  found  widespread  applications  not 
only  for  conventional  applications  but  also  as  a  supreme  semiconductor  for 
microelectronics  with  wide  band-gap,  high  carrier  mobility,  high  breakdown  fields,  high 
workable  temperature,  and  negative  electron  affinity  [5-9].  The  ability  to  be  operated  in 
harsh  and  extreme  environments  also  renders  diamond  an  appealing  material  [9-14]. 
Although  various  methods  have  been  developed  to  synthesize  diamonds,  high  cost, 
extreme  environment,  low  growth  rate,  and  inferior  quality  limit  production  and 
subsequent  applications.  In  this  dissertation,  a  novel  synthetic  strategy  is  developed  to 
grow  diamond  films  and  crystals  in  open  air  using  laser-induced  MEP  through  laser 
resonant  vibrational  excitations  and  defy  the  traditional  difficulties  in  diamond  growth. 

In  this  dissertation,  efforts  are  extended  to  explore  the  capability  of  vibrational 
excitations  in  promotion  of  energy  efficiency  in  chemical  reactions,  enhancement  of 
diamond  deposition,  and  control  of  chemical  reactions  in  CVD  of  diamond.  The  research 
project  mainly  focused  on  resonant  vibrational  excitations  of  precursor  molecules  using 
lasers  in  combustion  flame  deposition  of  diamond,  which  lead  to:  1)  promotion  of 
efficiency  of  chemical  reactions;  2)  enhancement  of  diamond  growth  with  higher  growth 
rate  and  better  crystallizations;  3)  steering  of  chemical  reactions  which  lead  to 
preferential  growth  of  { 100} -oriented  diamond  films  and  crystals;  and  4)  mode- selective 
control  of  chemical  reactions  through  selective  excitations  of  precursor  vibrational 


modes. 
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1.2  Dissertation  Outline 

This  dissertation  focuses  on  applying  laser  resonant  vibrational  excitations  of 
precursor  molecules  for  multi-energy  processing  (MEP)  in  deposition  of  diamond  films 
and  crystals.  The  whole  dissertation  will  be  divided  into  eight  chapters.  Chapter  1 
introduces  the  motivation  and  outline  of  this  dissertation.  Chapter  2  reviews  backgrounds 
of  MEP,  laser-assisted  materials  synthesis,  and  diamond  growth.  In  chapter  3,  resonant 
vibrational  excitations  of  ethylene  (C2H4)  molecules  for  combustion  flame  deposition  of 
diamond  films  are  introduced.  Comparison  between  excitations  by  a  common  CO2  laser 
(10.591  pm)  and  a  wavelength-tunable  CO2  laser  (10.532  pm)  which  matches  the  CH2 
wagging  mode  of  ethylene  was  conducted,  which  demonstrated  the  advantages  of 
resonant  excitations  with  matching  wavelengths.  In  chapter  4,  efforts  were  extended  to 
fast  growth  of  diamond  crystals  in  open  air  with  resonant  vibrational  excitations  of 
ethylene  molecules.  Diamond  crystals  of  high  quality  were  deposited  with  high  growth 
rate.  Excitations  of  ethylene  molecules  with  different  laser  powers  were  discussed  in 
chapter  5.  Detailed  investigations  were  conducted  on:  1)  efficiency  of  energy  absorption, 
2)  concentrations  of  free  radicals,  and  3)  morphology  and  quality  of  diamond  films  under 
laser  excitations  with  different  laser  powers.  In  chapter  6,  a  novel  method  for  synthesis  of 
{ 100} -oriented  diamond  films  and  crystals  is  described.  The  ethylene  molecules  were 
excited  to  a  higher  vibrational  level  with  higher  rotational  energy  with  the  CO2  laser 


tuned  to  10.22  pm.  Chemical  reactions  were  steered,  resulting  to  increase  of 
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concentration  of  oxide  species,  which  favored  preferential  growth  of  the  { 100} -oriented 
diamond.  Single-crystal  diamonds  with  high  crystal  quality  were  grown  in  open  air  using 
this  method.  In  chapter  7,  mode-selective  excitations  of  propylene  (CsfhO  molecules  were 
studied  toward  bond-selective  control  of  chemical  reactions  through  vibrational 
excitations  of  different  vibrational  modes  of  a  precursor  molecule.  This  approach  is 
called  active  intervention,  in  which  the  phases  of  reagent  motions  are  controlled  during 
the  course  of  the  reaction,  which  may  preferentially  lead  reagents  to  one  of  many 
different  reaction  routes.  Concentrations  of  species  for  diamond  growth  were  steered  by 
excitations  of  different  vibrational  mode  of  the  propylene  molecules,  and  diamond 
growth  differed  accordingly.  This  approach  is  believed  to  be  a  significant  step  toward 
bond-selective  control  of  chemical  reactions.  Chapter  8  concludes  this  work  with 


important  results  and  suggested  future  research  directions. 
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2.1  Introduction  to  multi-energy  processing 

In  a  CVD  process  for  material  synthesis,  gases  comprise  molecules,  atoms,  ions 
and  electrons  (in  terms  of  plasmas  and  combustion  flames).  In  addition  to  translation  in 
three  coordinate  directions  possessed  by  particles,  molecules  and  molecular  ions  also 
store  energy  in  rotations,  vibrations,  and  electrical  excitations,  as  schematically  illustrated 
in  Fig.  2.1  [1],  Chemical  reactions  in  CVD  processes  involve  bond  breaking  and 
rearrangement,  which  directly  result  from  vibrational  excitations  of  molecules  or 
molecular  ions  [2].  It  is  hence  believed  that  vibrational  excitations  of  molecules  or 
molecular  ions  are  critical  for  chemical  reactions  in  CVD  processes  for  materials 
synthesis  [2,  3].  However,  in  most  conventional  CVD  methods,  energy  is  transferred  to 
the  reactions  through  translation  energy.  The  translation  energy  added  to  the  reaction 
processes  by  heating  eventually  transits  to  other  forms  of  energy  (rotation  and  vibration) 
through  collisions.  Usually,  equilibrium  of  energy  between  translation  and  rotation 
energies  requires  tens  of  collisions.  In  contrast,  collisions  required  for  vibration  energy  to 
equilibrate  with  translation  and  rotation  energy  is  much  more  (usually  in  the  order  of 
thousands  of  collisions  ore  more).  Because  vibration  excitation  is  necessary  to  drive 
endothermic  reactions,  it  can  be  seen  that  simple  thermal  heating  is  inefficient  in  driving 
vapor  phase  chemical  reactions  [1].  Also,  because  of  the  indiscriminateness  of  the 
thermal  collisions,  it  is  almost  impossible  to  control  bond  breakings  and  directions  of 


chemical  reactions  in  CVD  of  materials  [2] . 
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Molecular  translation  Molecular  rotation 


■* - ► 


■* — ► 


Molecular  vibration 


Figure  2.1  Schematics  of  different  forms  of  energy  storage  for  a  diatomic  molecule 
[1]. 


Here  we  introduce  a  new  approach  called  multi-energy  processing  (MEP)  in  order 
to  1)  promote  chemical  reactions,  2)  increase  growth  rate  and  quality  of  materials,  and  3) 
achieve  steering  and  control  of  chemicals  reactions  in  CVD  processes  for  material 
synthesis.  In  this  study,  MEP  refers  to  driving  of  chemical  reactions  using  multiple 
energy  forms,  including  translational  energy  (through  heating)  and  vibrational  energy 
(through  laser  resonant  excitations).  Because  frequencies  of  molecular  vibrations  are  in 
the  infrared  (IR)  range,  IR  lasers  are  ideal  energy  sources  to  achieve  resonant  excitations 
of  molecular  vibrations  [4] .  Another  advantage  of  IR  lasers  is  that  their  narrow  bandwidth 
prepares  a  single  vibrational  eigenstate,  which  makes  control  of  reaction  pathways 
feasible  [3].  One  approach  to  laser  control  is  active  intervention,  in  which  the  phases  of 
reagent  motions  are  controlled  during  the  course  of  the  reaction.  This  active  intervention 
may  preferentially  lead  reagents  to  one  of  many  different  reaction  routes  [4].  In  this  study, 


we  introduced  active  intervention  to  combustion  flame  deposition  of  diamond  and 
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achieved  mode-selective  reactions  toward  control  of  the  chemical  reactions. 

Oxyacetylene  (CoHi/Oo)  combustion  flame  is  the  first  and  most  common  method 
for  flame  deposition  of  diamond  [5-8].  An  acetylene  molecule  has  seven  normal  modes  of 
vibrations.  But  these  modes  are  either  IR  inactive  or  have  very  low  IR  activity,  which 
means  acetylene  molecule  has  weak  IR  absorption  and  hence  this  molecule  is  not  a 
suitable  candidate  for  vibrational  (IR)  excitations.  Ethylene  (C2H4)  has  also  been  applied 
as  precursor  molecules  in  combustion  flame  deposition  of  diamond  [9].  AC2H4  molecule 
has  twelve  normal  modes  of  vibrations,  one  of  which,  called  CH2  wagging  mode  (vy, 
949.3  cm"1,  or  10.534  pm)  as  schematically  illustrated  in  Fig.  2.2,  has  strong  IR  activity. 
Furthermore,  this  mode  is  in  the  range  of  a  wavelength-tunable  CO2  laser  (9.2-10.9  pm) 
and  matches  one  wavelength  (10.532  pm)  of  the  laser.  In  this  dissertation,  we  added 
ethylene  molecules  to  the  oxyacetylene  flame  to  form  a  C2H4/C2H2/O2  flame  for  diamond 
deposition.  We  used  the  wavelength-tunable  CO2  laser  to  resonantly  excite  the  CPF 
wagging  mode  of  the  C2H4  molecules  in  the  combustion  flame,  and  achieved  MEP  in 
diamond  deposition.  Detailed  studies  are  described  in  Chapters  3  through  6.  Propylene 
(C3H6)  is  another  precursor  that  has  been  applied  for  combustion  flame  deposition  of 
diamond  [10].  AC3H6  molecule  has  twenty-one  modes  of  vibrations,  four  of  which  locate 
in  the  wavelength  range  of  the  wavelength-tunable  CO2  laser  and  are  IR  active.  These 
vibrational  modes,  as  schematically  illustrated  in  Fig.  2.3,  are  (a)  CH3  rocking  mode 
(out-of-plane  wagging,  vn,  1044.7  cm"  ,  or  9.572  pm),  (b)  a  combination  of  C=C-C 
bending  and  C=CH2  twisting  modes  (963  cm'1,  or  10.384  pm),  (c)  CH3  symmetric 
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wagging  mode  (vi2,  934.5  cm'1,  or  10.7  pm),  and  (d)  C-C  stretching  mode  (vi3,  919  cm1, 
or  10.881  pm)  [11,  12].  Each  of  these  modes  can  be  resonantly  excited  by  the  C02  laser 
tuned  to  a  matching  wavelength,  respectively.  The  variety  of  suitable  modes  provides 
feasibility  of  mode-selective  excitations  toward  mode- selective  control  of  chemical 
reactions  in  diamond  deposition.  Detailed  studies  are  described  in  Chapter  7. 


Figure  2.2  Schematic  of  the  CH2  wagging  mode  of  a  C2H4  molecule.  When  exposed 
into  a  CO2  laser  beam  at  a  wavelength  of  10.532  pm,  the  vibrational  mode  is 
resonantly  excited. 


13 


Figure  2.3  Schematic  of  four  modes  of  vibrations  of  a  C3H6  molecule:  (a)  CH3 
rocking  mode  (out-of-plane  wagging,  V17,  1044.7  cm'1,  or  9.572  pm),  (b)  a 
combination  of  C=C-C  bending  and  C=CH2  twisting  modes  (963  cm'1,  or  10.384  pm), 
(c)  CH3  symmetric  wagging  mode  (vi2,  934.5  cm'1,  or  10.7  pm),  and  (d)  C-C 
stretching  mode  (V13,  919  cm'1,  or  10.881  pm). 
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2.2  Introduction  to  laser-assisted  materials  synthesis 

Laser  light  can  induce  chemical  reactions  either  homogenously  within  the  gas  or 
liquid  phase  or  heterogeneously  at  gas-solid  [13]  and  liquid-solid  [14,  15]  interfaces.  In 
general,  laser  chemical  processing  involves  photothermal  and  photolytic  processes.  In  a 
photothermal  process,  multiple  photons  in  visible  infrared  (Vis-IR)  range  must  be 
absorbed  to  elevate  molecules  to  higher  vibrational  levels  until  an  atom  is  ionized  or  a 
molecule  is  dissociated.  In  a  photolytic  process,  by  absorption  of  visible  ultraviolet 
(UV-Vis)  photons,  molecules  can  be  electronically  dissociated  in  a  single  step. 

Since  the  1960s,  laser  material  processing  has  become  an  expanding  field  and  has 
been  well  established  in  a  wide  variety  of  industrial  applications.  Some  of  the  established 
areas  include  laser  welding,  soldering,  drilling,  and  cutting  in  laser  mechanical 
technology  [16,  17],  laser  hardening,  rapid  solidification,  glazing,  cladding,  and  powder 
metallurgy  in  laser  metals  technology  [16,  17],  and  laser  recrystallization,  doping,  and 
annealing  in  semiconductor  technologies  [18,  19].  Laser  chemical  processing  is  one  of 
the  active  areas  in  laser  material  processing  that  can  efficiently  assist  etching  and  thin 
film  deposition  via  chemical  channels.  Through  laser-assisted  chemical  vapor  deposition 
(LCVD),  a  variety  of  materials,  such  as  metals  (from  metal  halides,  alkyls,  and 
carbonyls),  semiconductors  (amorphous  and  crystalline  germanium  (Ge),  silicon  (Si),  and 
compound  semiconductors),  insulators  (oxides  and  nitrides),  and  heterostructures  can  be 


deposited  [20].  Table  2.1  lists  some  typical  LCVD  processes  with  specific  lasers  and 
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wavelengths  and  gas  precursors. 


Table  2.1  Laser  chemical  vapor  deposition  or  vapor  phase  epitaxy  of  various  materials 


Deposited 

Materials 

Carrier  Gases 

Substrates 

Laser/ W  avelength 
(nm) 

References 

Au 

Au(CH3)2 

Si 

Ar+/515 

Baum  and  Jones 

1985  [21] 

Turney  et  al. 

W 

WFg/SitL 

GaAs 

KrF/248 

1992;  Tabbal  et 

al.  1997  [22,  23] 

a-Si 

SiH4 

Glass 

XeCl/308 

Lee  et  al.  2006 

[24] 

a-SiC:H 

CaHujSi 

Quartz 

CO2/10.6  pm 

Jensen  and  Chiu 

2006  [25] 

Si02 

SiH4/N20 

Si 

Tunable  CO2/10.6 
10.28,9.6,  9.28  pm 

Tsai  et  al.  2001 

[26] 

GaAs 

Ga(CH3)3/AsH3 

GaAs 

Ar+/488-514 

Boutros  et  al. 

1996  [27] 

Molian  and 

Diamond 

ch4/h2 

Si 

CO2/10.6  pm 

Waschek  1993 

[28] 

Diamond-like 

carbon  (DLC) 

c6h6 

W 

KrF/248 

Shi  et  al.  2005 

[29] 

a-CNx  (x<1.3) 

c2h2/n2o/nh3 

Si02,  A1203, 
Ti/Al203 

CO2/10.6  pm, 
KrF/248,  ArF/193 

Alexandrescu  et 

al.  1997  [30] 

LCVD  opens  up  new  possibilities  in  materials  synthesis  by  enabling  new  reaction 
pathways  and  altered  kinetics.  In  particular,  at  parallel  incidence  to  the  substrate  surface, 
lasers  permit  pure  gas-phase  excitation  without  substrate  heating.  This  is  one  of  the  main 
advantages  over  conventional  CVD.  Intense  efforts  have  been  made  in  the  LCVD  of 
high-quality  thin  films  at  lower  substrate  temperature  [20].  A  great  deal  of  successful 
synthesis  of  compound  semiconductor  films  with  lower  substrate  temperatures  have  been 


reported,  including  gallium  arsenide  (GaAs)  [31],  gallium  phosphide  (GaP)  [32],  indium 
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phosphide  (InP)  [33],  cadmium  telluride  (CdTe)  [34],  and  mercury  telluride  (HgTe)  [35]. 
The  surface  morphology  of  films  was  significantly  improved  compared  with  those  grown 
by  standard  CVD.  With  lower  substrate  temperatures,  interdiffusion  of  elements  at 
interfaces  between  films  as  well  as  thermal  defects  were  significantly  reduced. 
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2.3  Introduction  to  diamond  growth 


Diamond  has  a  wide  range  of  extreme  properties  [36-40],  which  make  it  not  only 
a  promising  material  for  conventional  applications  but  also  as  a  supreme  semiconductor 
for  microelectronics  with  wide  band-gap,  high  carrier  mobility,  high  breakdown  fields, 
high  workable  temperature,  and  negative  electron  affinity.  The  ability  to  be  operated  in 


harsh  and  extreme  environments  also  renders  diamond  an  appealing  material  [40-45]. 
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Figure  2.4  The  carbon  phase  diagram  [48],  showing  that  at  low  temperatures  and 
pressures  graphite  is  the  stable  form  of  carbon.  Diamond  is  only  stable  at 
sufficiently  high  temperatures  and  pressures. 


Since  the  first  diamond  synthetic  method  was  reported  in  1955  [46],  several 
strategies  have  been  developed  [36,  37,  47].  The  synthesizing  methods  can  be  divided 


into  two  major  groups:  high-pressure  and  low-pressure  routes.  According  to  the  carbon 
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phase  diagram  as  shown  in  Fig.  2.4  [48],  diamond  is  a  stable  phase  of  carbon  at  high 
pressure  with  respect  to  graphite,  in  which  all  carbon  atoms  are  sp  hybridized  and 
tetrahedrally  bonded  to  form  a  cubic  lattice  (diamond  lattice)  of  great  rigidity  and 

o 

strength  with  a  bond  length  of  1.54  A.  Therefore,  it  would  be  reasonable  to  find  the 
high-pressure  routes  used  for  diamond  synthesis.  On  the  other  hand,  low-pressure  routes 
come  from  completely  different  concepts.  Using  the  chemical  vapor  deposition  (CVD) 
method  as  an  example  [37-39],  growth  is  conceptually  realized  by  adding  one  carbon 
atom  at  a  time  to  the  initial  template.  Then  the  tetrahedrally  bonded  diamond  is  formed. 
Brief  reviews  of  each  synthetic  method  are  provided  below. 

2.3.1  High-Pressure  High-Temperature  (HPHT)  method 

The  HPHT  techniques  were  deduced  according  to  the  carbon  phase  diagram  (Fig. 
2.4)  [48].  Diamond  is  less  stable  than  graphite  at  room  temperature  and  atmospheric 
pressure  [47].  Although  graphite  is  more  stable,  diamond  can  exist  in  a  metastable  phase 
due  to  a  significant  kinetic  barrier.  Therefore,  the  transformation  from  diamond  to 
graphite  under  mild  conditions  is  extremely  slow,  unless  the  temperature  is  increased  [47], 
as  the  thermodynamic  stability  of  diamond  decreases  at  high  temperatures.  The  first 
reproducible  HPHT  diamond  synthesis  was  reported  to  operate  in  a  high-pressure 
(>75,000  atm)  and  high-temperature  (1200  ~  2000  °C)  environment  [46,  47]: 
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C. 


HPHT 


graphite 


Metal  catalysts/ 
solvents 


-►  C 


diamond 


(1) 


The  metal  catalysts  used  in  the  reaction  reduce  the  activating  energy  for  the 
reaction  and  act  as  good  solvents  for  nondiamond  carbons  but  poor  solvents  for  diamond 
[46-50].  In  the  HPHT  process,  diamond  is  crystallized  from  metal-solvated  carbon  at  a 
pressure  of  50-100  kBar  and  a  temperature  of  1,500-2,000  °C.  In  1970,  the  first 
successful  synthesis  of  large  gem-quality  diamond  crystals  was  achieved  [51-53].  The 
HPHT  method  has  been  commercialized  for  more  than  40  years.  Yet,  synthesized 
diamond  crystals  are  generally  small  in  size  unless  catalyst  and  diamond  seeds  are 
applied.  Substantial  energy  requirements  and  costs  limit  the  production  of  high-quality 
diamond.  Meanwhile,  the  low  growth  rate  of  the  HPHT-produced  diamond  cannot  satisfy 
the  rapidly  advancing  demands  for  more  complex  diamond  bulks  and  films,  structures, 
and  devices. 


2.3.2  Shock  Wave  (SW)  process 

The  principles  for  the  SW  process  are  similar  to  those  of  the  HPHT  method, 
except  that  the  high  pressures  and  temperatures  are  generated  by  instant  explosions 
[54-56].  In  an  extremely  short  time,  an  explosion  generates  an  instantaneous  pressure 
exceeding  five  million  pounds  per  square  inch  (psi)  at  a  temperature  of  1,000  °C.  During 


this  process,  graphite  melts  immediately  and  forms  diamond.  The  SW  diamond  is  a 
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mixture  of  diamond  (cubic)  and  lonsdaleite  (hexagonal)  forms  of  carbon,  in  which  the 
latter  is  called  “hexagonal  diamond”.  The  shortcomings  of  the  SW  process  include  low 
purity  in  the  carbon  mixture  synthesized,  lack  of  shape  and  crystal  controls,  and  small 
crystal  sizes  [37]. 

2.3.3  Chemical  Vapor  Deposition  (CVD) 

First  introduced  in  1962  [57]  and  rapidly  developed  since  the  1980s  [58,  59], 
CVD  is  a  gas-phase  chemical  reaction  process  involving  activation  of  an  appropriate 
gaseous  mixture  via  chemical  reactions,  which  occurs  in  the  vicinity  of  a  substrate  upon 
which  diamond  may  deposit.  All  CVD  methods  for  diamond  synthesis  require  activated 
gas-phase  carbon-containing  precursor  molecules.  The  activation  process  can  be  realized 
by  several  techniques,  including  hot  filament  (HF),  microwave  or  radio  frequency  (RF) 
plasma,  direct  charge  (DC)  arc  jet,  thermal  heating,  and  combustion  flame  [37,  39,  58-62]. 
Laser-assisted  and  optical  pumping  techniques  are  also  studied  [63,  64]  but  not  widely 
used  due  to  limitations  in  laser  wavelengths  and  powers.  CVD  diamond  could  be  realized 
in  several  gas  mixtures,  including  a  hydrocarbon/FL  system,  C/FI/O  system,  C/H/halogen 
system,  and  fullerene/argon  system  [39,  47,  61].  The  reaction  mechanisms  differ 
significantly  from  each  other.  No  unique  mechanism  or  growth  model  is  capable  of 
explaining  all  reaction  systems.  A  typical  phase  diagram  of  the  precursor  elements  in 


CVD  methods  is  represented  in  the  C-H-0  diagram  for  CVD  of  diamond  shown  in  Fig. 
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2.5  [65].  Only  a  narrow  band  for  the  ratio  of  C,  H,  and  O  is  suitable  for  diamond 
synthesis. 


c 


Figure  2.5  C-H-O  diagram  for  chemical  vapor  deposition  of  diamond  [65]. 

Although  CVD  methods  differ  significantly,  they  share  some  common 
characteristics  [37]:  1)  a  gas  phase  must  be  activated  and  contain  carbon  species,  2)  a 

sufficient  concentration  of  species  that  etch  graphite  or  suppresses  gaseous  graphite 
precursors  must  be  present  (in  most  cases,  atomic  hydrogen  plays  this  role,  while  other 
species  like  atomic  oxygen  and  halogen  can  exert  similar  functions),  3)  the  substrates 
must  be  pretreated  to  support  the  nucleation  and  growth  of  diamond,  and  4)  a  driving 
force  to  transport  the  carbon-bearing  species  from  the  gas  phase  to  the  substrate  surface 


should  be  introduced. 
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In  summary,  the  three  key  steps  involved  in  CVD  methods  are  activation  of 
carbon  sources,  transport  and  diffusion  of  radicals,  and  nucleation  and  growth.  Although 
many  efforts  have  been  made  to  improve  these  key  processes,  CVD  methods  generally 
produce  polycrystalline  diamond  films  with  morphologies  sensitive  to  the  growth 
environment.  Growth  rates  for  each  method  vary  considerably  with  regard  to  diamond 
quality.  High-quality  diamond  films  are  steadily  produced  by  microwave 
plasma-enhanced  CVD  (MPCVD)  with  a  growth  rate  up  to  150  pm/hr  [8].  HF-CVD  also 
obtains  high-quality  diamond  films  (except  for  contamination  from  hot  filaments),  but  the 
process  has  a  much  slower  growth  (0.1  to  10  pm  per  hour)  [37,  38,  64].  Combustion 
methods  can  deposit  diamond  films  in  open  atmosphere  with  simpler  equipment  and 
much  lower  cost  but  with  poor  process  control  and  inferior  diamond  films  [38,  65-68]. 
However,  the  high  cost  and  low  growth  rate  of  MPCVD  cannot  cater  for  more 
applications. 

CVD  methods  allow  coating  diamond  on  nondiamond  substrates,  as  well  as 
self-standing  diamond  plates,  which  substantially  expands  the  diamond  applications 
[37-39,  69-72].  In  addition  to  the  inherent  shortcomings  associated  with  individual  CVD 
methods  [38]  (e.g.,  low  growth  rate  and  filament  contamination  in  HF-CVD,  poor  quality 
and  process  control  in  combustion-CVD,  high  heat  fluxes  and  small  deposition  areas  in 
DC-CVD,  high  heat  fluxes  in  RF-CVD,  and  microwave  leakage  and  poor  morphology 


control  in  MPCVD),  there  are  still  several  common  challenges  associated  with  CVD 


23 


technologies  [36-39,  61].  For  example,  there  is  a  need  to  increase  growth  rate  without 
compromising  diamond  film  quality  in  a  cost  effective  manner  and  to  overcome  the  low 
energy  efficiency.  In  addition,  it  is  critical  to  improve  our  understanding  of  the 
mechanisms  for  heteroepitaxial  growth  of  diamond  upon  nondiamond  substrates  for 
sizeable  flawless  diamond  crystals. 
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3.1  Introduction 

Currently,  diamond  synthesis  by  chemical  vapor  deposition  (CVD)  including 
thermal-assisted  (hot  filament)  CVD  [1],  microwave  plasma-assisted  CVD  [2-5],  plasma 
torch  CVD  [6],  and  combustion  flame  CVD  [7-9]  has  been  widely  investigated. 
Combustion  synthesis  of  diamond  using  an  oxyacetylene  combustion  flame  was  firstly 
demonstrated  by  Hirose  and  Kondo  in  1988  [10].  It  has  been  argued  that  combustion 
synthesis  of  diamond  is  the  most  flexible  of  the  CVD  alternatives  because  of  its  scalable 
nature,  minimum  utility  requirement,  and  significantly  reduced  capital  costs  relative  to 
plasma-aided  process  [11].  Laser-assisted  CVD  was  regarded  as  a  promising  way  due  to 
its  unique  means  of  fast  heating  [12,  13]  and  selective  optical  pumping  of  the  reactive 
species  [14-16].  In  addition,  a  number  of  substrate  pretreatment  methods,  such  as 
scratching  and  seeding  [17,  18],  have  been  studied  to  enhance  the  diamond  nucleation. 
Lasers  are  also  ideal  energy  sources  for  vibrational  resonant  excitations.  Laser-assisted 
chemical  reaction  control  was  investigated  during  the  past  years  [19].  CO2  laser  is  a 
typical  energy  source  widely  used  in  laser  chemistry  due  to  its  high  energy  efficiency  and 
high  output  power.  However,  common  commercial  CO2  lasers  only  produce  a  fixed 
wavelength  of  10.591  pm,  which  cannot  match  the  wavelengths  required  for  effective 
vibrational  resonant  excitations.  Excitation  of  C2H4  molecules  through  the  broadening  of 
the  absorption  band  using  a  common  CO2  laser  at  10.591  pm  was  investigated  in  our 


previous  study  [20].  In  this  dissertation,  efforts  are  focused  on  resonant  vibrational 
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excitations  using  a  wavelength-tunable  CO2  laser  with  a  high  power  output  up  to  1000  W. 
The  CO2  laser  wavelength  can  be  precisely  tuned  to  match  the  CH2-wagging  mode  of 
C2H4  molecules  to  achieve  the  optimal  resonant  excitation  to  significantly  improve  the 
diamond  deposition  in  the  CVD  processes  using  the  C2H4/C2H2/O2  gas  mixture. 

In  this  study,  resonant  vibrational  excitation  of  C2H4  molecules  by  perfect 
wavelength  match  using  a  tunable  CO2  laser  in  C2H4/C2H2/O2  combustion  CVD  of 
diamond  films  was  investigated  in  open  air.  Instead  of  the  commonly  used  10.591  pm, 
the  CO2  laser  wavelength  was  tuned  to  10.532  pm  to  match  the  vibrational  frequency  of 
the  CH2-wagging  mode  (v7,  949.3  cm  *)  in  C2H4  molecules.  Although  both  C2H2  and  O2 
yield  an  ideal  element  ratio  in  combustion  CVD  of  diamond,  there  is  no 
wavelength-matching  laser  which  has  required  wavelengths  to  resonantly  excite  the  C2H2 
or  O2  molecules.  Therefore,  C2H4,  another  precursor  for  diamond  growth  [21,  22],  was 
added  into  the  combustion  flame  to  couple  laser  energy  into  the  chemical  reactions 
through  resonant  excitations.  Laser  pyrolysis  and  decomposition  of  C2H4  molecules 
through  vibrational  excitations  have  been  studied  and  used  to  produce  diamond  powders 
[23].  However,  vibrational  resonant  excitation  of  precursor  molecules  using  a  tunable 
CO2  laser  has  rarely  been  reported  to  date.  Through  the  perfect  wavelength  matching, 
high-efficient  energy  coupling  into  the  CVD  reactions,  and  significant  enhancement  of 
diamond  growth  using  the  tunable  CO2  laser  resonant  excitation  were  investigated. 
Multi-energy  processing  was  achieved  by  introducing  the  resonant  vibrational  excitation 


of  precursor  molecules  to  the  thermal-driven  CVD  method. 
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Figure  3.1  shows  the  experimental  setup  for  the  CCF  laser-assisted  combustion 
flame  CVD  of  diamond.  A  commercial  oxygen-acetylene  torch  with  a  1.5  mm  orifice  tip 
was  used  to  generate  the  flame.  The  fuel  was  a  mixture  of  C2H4  and  CLIT  with  a  gas  flow 
ratio  of  1:1,  which  was  then  mixed  with  O2  with  a  volume  ratio  of  1.03  [(C2H4+C2H2)/02]. 
A  wavelength-tunable  CO2  laser  (PRC,  spectrum  range  from  9.2  to  10.9  pm)  was  used  in 
the  synthesis  process  to  achieve  resonant  excitation  of  the  C2H4  precursor  molecules.  The 
CH2  wagging  mode  (v7,  949.3  cm  ')  of  the  ethylene  molecules  corresponds  to  a 
wavelength  of  10.534  pm,  which  has  a  close  match  with  the  CO2  laser  line  at  10.532  pm. 
Laser  energy  was  coupled  into  the  reactions  through  resonant  excitation  of  the  C2H4 
molecules.  Tungsten  carbide  (WC)  plates  (BS-6S,  Basic  Carbide  Corp.,  containing  6% 
cobalt)  with  a  dimension  of  12.7  x  12.7  x  1.6  mm3  were  used  as  substrates.  The  surface 
roughness  of  the  WC  substrates  was  400  nm.  The  substrate  was  placed  on  a  water  cooling 
box  mounted  on  a  motorized  X-Y-Z  stage.  The  CO2  laser,  tuned  to  10.532  pm  with  a 
power  of  800  W,  was  directed  in  parallel  with  the  substrate  surface  but  perpendicularly  to 
the  flame  axis.  The  laser  beam  was  focused  using  a  ZnSe  convex  lens  (focal  length  =  254 
mm)  to  2  mm  in  diameter,  which  was  the  same  as  the  average  diameter  of  the  inner  flame. 
The  original  length  of  the  flame  was  around  6  mm,  which  shrunk  to  about  3  mm  when  the 
10.532-pm  laser  beam  was  introduced  into  the  flame  right  underneath  the  nozzle.  The 
distance  between  the  inner  flame  tip  and  the  diamond  growth  site  was  maintained  at 
about  0.5  mm,  by  the  program-controlled  X-Y-Z  stage.  The  temperature  of  the  growth 


site  was  monitored  by  a  pyrometer  (Omega  Engineering,  Inc.,  OS3752).  The  temperature 
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was  maintained  at  760  -  780  °C  by  adjusting  the  flow  rate  of  the  water-cooling  box. 
Diamond  samples  were  also  prepared  with  10.532-pm  laser  irradiation  and  without  laser 
irradiation,  but  under  the  same  condition  of  gas  flow  ratio  and  deposition  temperature. 


Substrate 


C02  laser 

(Wavelength  tunable) 


Torch 


block 


Figure  3.1  Schematic  experimental  setup  of  laser- assisted  combustion  flame  CVD 
for  diamond  deposition. 
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3.2  Absorption  of  laser  energy  by  flames 

Figure  3.2  shows  the  optical  images  of  the  C2H4/C2H2/O2  flames  under 
irradiations  of  the  tunable  CO2  laser  with  10.591  and  10.532  pm,  respectively.  The  length 
of  the  inner  flame  was  about  6  mm  without  laser  irradiation,  as  shown  in  Fig.  3.2(a). 
When  a  CO2  laser  beam  of  10.591  pm  irradiated  the  flame,  the  inner  flame  became 
brighter  and  shorter  as  shown  in  Fig.  3.2(b).  At  a  laser  power  of  800  W,  the  length  of  the 
inner  flame  was  shortened  to  4.8  mm  with  a  20%  increase  in  the  diameter.  Figure  3.2(c) 
shows  the  optical  images  of  the  flame  under  laser  irradiations  at  the  wavelength  of  10.532 
pm,  which  matches  the  CFF-wagging  vibration  mode  of  C2H4.  At  this  wavelength,  the 
length  of  the  flame  inner  cone  was  reduced  to  about  3  mm  with  an  80%  increase  in  the 
diameter  when  the  laser  power  was  800  W.  The  shorter  inner  flame  is  due  to  the 
enhanced  reactions  in  the  flame  induced  by  the  laser  resonant  excitation.  A  power  meter 
was  used  to  monitor  the  absorption  of  the  laser  powers  by  comparing  the  measured 
powers  with  and  without  the  flame  absorption.  When  the  laser  power  was  around  800  W, 
3.4%  of  the  incident  laser  power  was  absorbed  by  the  flame  at  10.591  pm,  whereas  14.7% 
of  the  incident  laser  power  was  absorbed  for  at  10.532  pm  under  the  same  experimental 


condition. 
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(a)  No  laser 

(b)  With  C02  laser 

(c)  With  C02  laser 

1 

10.591  pm 

1 

10.532  pm 

• 
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Figure  3.2  Images  of  flames  (a)  without  laser,  (b)  with  CO2  laser  irradiation  at 
10.591  pm,  800  W,  and  (c)  with  CO2  laser  irradiation  at  10.532  pm,  800  W. 

A  power  meter  was  used  to  monitor  the  absorption  of  the  laser  powers  by 
comparing  the  measured  powers  before  and  after  the  flame  absorption.  Laser  power 
absorption  spectra  of  the  precursors  were  then  measured  within  a  spectral  range  from  9.2 
to  10.9  pm.  By  irradiating  the  laser  beam  through  the  C2FL/C2FL/O2  flame  used  for  the 
laser-assisted  growth  of  diamond  crystals,  an  obvious  absorption  peak  was  observed  at 
10.532  pm,  as  shown  in  Fig.  3.3.  The  absorption  peak  at  10.532  pm  by  the  C2FB/C2FL/O2 
flame  was  ascribed  to  the  resonant  excitation  of  the  CFL  wagging  mode  (V7,  949.3  cm1) 
of  the  C2H4  molecules,  as  illustrated  in  the  inset  of  Fig.  3.3.  At  the  ground  state,  the  C2H4 
molecule  vibrates  like  a  butterfly.  By  absorbing  laser  energy  at  10.532  pm,  the  CFI2 
wagging  mode  vibration  is  resonantly  excited.  It  has  been  reported  that  at  higher 
temperature,  the  peak  position  of  the  Q  branch  of  molecular  vibrations  has  red  shifts.  But 
the  shift  is  in  magnitudes  of  10'  pm,  which  is  relatively  small  as  compared  with  the 


differences  between  two  laser  emitting  lines  [24].  This  explains  why  the  absorption  peak 
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of  the  COo  laser  is  still  at  10.532  (am  at  the  high  flame  temperature. 
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Figure  3.3  Absorption  of  CO2  laser  power  by  the  C2H4/C2H2/O2  flame  used  for  the 
laser-assisted  growth  of  diamond  crystals  as  a  function  of  laser  wavelength.  Inset  is  a 
schematic  of  the  CH2  wagging  mode  excitation  of  an  ethylene  molecule  by  the  10.532 
pm  CO2  laser. 


Without  the  C2H4  gas,  C2H2/O2  (1:1)  flame  had  neither  laser  absorption  nor 
visible  change  in  the  flame.  The  CH?  wagging  vibrational  mode  of  C2H4  molecule  shows 
a  vibrational  wavenumber  at  949.3  cm  .  For  most  common  commercial  CO2  lasers,  the 
wavelength  is  10.591  pm  (equivalent  to  a  wavenumber  of  944.2  cm  ),  which  is  close  to 
the  infrared  absorption  band  corresponding  to  the  CFF  wagging  vibration  mode  of  the 
C2H4.  The  rotational  partition  function  spreads  the  C2H4  population  over  a  much  wider 
range  under  current  experimental  conditions.  Therefore,  the  CO2  laser  energy  can  almost 


be  resonantly  absorbed  by  the  C2H4  molecules  through  this  vibrational  mode  due  to  the 
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broadening  of  the  absorption  band.  The  efficiency  of  the  resonant  absorption  under  this 
wavelength  is  relatively  low.  The  absorption  coefficient  of  gaseous  C2H4  is  about  1.77 
atm/cm  at  room  temperature  with  laser  wavelength  at  10.591  pm.  However,  when  the 
CO2  laser  wavelength  was  tuned  to  10.532  pm  (equivalent  to  a  wavenumber  of  949.5 
cm  ;,  the  absorption  coefficient  of  gaseous  C2H4  increased  to  about  29  atm/cm  at  room 
temperature  [20].  Although  the  environment  condition  in  pure  C2H4  gas  at  room 
temperature  is  different  from  that  in  a  flame,  the  difference  between  the  absorption 
coefficients  can  indicate  the  high  efficiency  of  the  resonant  absorption  of  the  laser  energy 
when  the  CO2  laser  wavelength  is  tuned  to  10.532  pm.  The  experimental  results 
supported  a  high  efficiency  of  vibrational  resonant  excitation  at  wavelength  of  10.532  pm. 


as  shown  in  Fig.  3.3. 
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3.3  Promotion  of  chemical  reactions 

Optical  emission  spectroscopy  (OES)  was  used  to  study  the  effects  of  the  resonant 
vibrational  excitations  to  chemical  reactions  in  diamond  CVD.  OES  spectra  of  the  flames 
during  the  film  depositions  were  collected  in  a  direction  perpendicular  to  the  flame  axis. 
The  setup  for  OES  study  is  schematically  illustrated  in  Fig.  3.4.  The  optical  emission  of 
the  flame  was  introduced  into  a  spectrometer  (Andor  Shamrock  SR-303i-A)  coupled  with 
an  ICCD  (Andor  iStar  DH-712)  through  two  lenses  and  an  optical  fiber  which  were  all 
made  of  UV-grade  quartz.  All  the  spectra  were  taken  at  a  point  of  0.3  mm  above  the  tip  of 
the  inner  flame  to  compare  the  deposition  conditions.  The  dimension  ratio  of  the  image 
and  the  flame  was  1:1.  The  optical  fiber,  with  a  diameter  of  50  pm,  was  precisely 
positioned  in  the  projected  image  of  the  inner  flame.  A  background  spectrum  taken  before 
the  collections  of  the  emission  spectra  was  subtracted  in  all  results. 

C;H4  C/H,  0, 
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Figure  3.4  Schematic  diagram  of  the  experimental  setup  for  laser  resonant 
excitation  and  OES  study. 
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It  was  demonstrated  that  by  enhancing  the  reactions  in  the  flame,  laser  resonant 
excitation  of  the  C-H  bond  vibration  in  C2H4  molecules  results  in  the  increased 
concentrations  of  several  chemical  species  [9].  According  to  the  optical  emission  spectra 
obtained  from  the  flame  with  and  without  laser  irradiation  shown  in  Fig.  3.5,  obvious 
increases  in  concentrations  of  OH,  CH  and  C2  species  were  observed  in  the 
laser-irradiated  flame.  It  is  suggested  that  OH  radicals  play  a  critical  role  in  combustion 
synthesis  of  diamond  by  etching  the  surface-bond  hydrogen  and  stabilizing  the  sp3 
hybridized  surface  carbon  bonds  [25,  26].  The  CH  radical  is  also  believed  to  be  helpful  in 
diamond  growth  [27].  Both  increments  explain  why  both  growth  rate  and  crystal  quality 
were  improved  in  the  laser-assisted  combustion  synthesis  of  diamond.  The  C2  radical, 
however,  has  a  two-sided  effect  on  the  diamond  growth.  On  the  unhydrided  surface,  the 
insertion  of  C2  into  a  C=C  bond  produces  a  carbene,  leading  to  the  formation  of  the 
secondary  nucleation.  On  the  monohydride  surface,  however,  the  addition  of  a  C2  to  a 
hydrogen-terminated  diamond  (110)  surface  is  energetically  very  favorable,  making  the 
growth  of  the  existing  crystal  proceeds  readily  [28,  29].  Whether  the  increase  in  the  C2 
concentration  induced  by  laser  excitation  has  a  negative  or  positive  impact  needs  more 


detailed  studies. 
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Figure  3.5  Optical  emission  spectra  of  the  flame  before  (dashed  curve)  and  after 
(solid  curve)  CO2  laser  irradiation  at  a  wavelength  of  10.532  pm  and  a  power  of  800 


W. 
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3.4  Enhancement  of  diamond  deposition 

Diamond  films  were  deposited  using  the  flames  with  the  vibrational  excitations  of 
the  C2H4  molecules.  Both  laser  wavelengths  of  10.591  and  10.532  pm  were  used  for  the 
excitations.  The  temperature  of  the  WC  substrates  was  kept  at  780  °C  during  all 
depositions.  Figure  3.6  shows  the  scanning  electron  microscope  (SEM)  images  of  the 
deposited  films  deposited  for  30  min  without  laser  excitation  (a),  with  800  W  laser 
excitations  at  10.591  pm  (b),  and  with  800  W  laser  excitations  at  10.532  pm  (c).  It  is 
observed  that  most  of  the  diamond  grains  are  around  3~4  pm  in  the  case  without  the  laser 
excitation  as  shown  in  Fig.  3.6(a).  The  grain  sizes  in  Fig.  3.6(b)  increase  to  around  5~6 
pm.  In  Fig.  3.6(c),  most  of  the  grain  sizes  are  about  8~  10  pm  which  was  deposited  with 
the  10.532-pm  laser  excitation  of  800  W.  The  grain  sizes  of  the  deposited  films  showed  a 
significant  increase  with  laser  irradiation.  When  the  10.532-pm  laser  with  power  of  800 
W  was  applied,  the  grain  size  of  the  film  was  three  to  four  times  larger  than  the  film 
without  laser  excitation  and  almost  twice  of  the  film  deposited  with  laser  excitation  at 
800  W,  10.591  pm.  The  increase  in  grain  size  indicates  the  accelerated  nucleation  and 
higher  growth  rate  with  the  laser  excitation  at  a  wavelength  matching  the  vibrational 


mode. 


Figure  3.6  SEM  images  of  diamond  films  deposited  for  30  min  (a)  without  laser,  (b) 
with  CO2  laser  irradiation  at  10.591  pm,  800  W  and  (c)  with  CO2  laser  irradiation  at 
10.532  pm,  800  W. 

Figure  3.7  shows  the  thickness  profiles  of  the  deposited  films.  Without  laser 
excitation,  the  film  thickness  is  about  8  pm.  When  the  C2H4  molecules  were  excited  at 
10.591  pm,  the  film  thicknesses  increased  to  12  pm  with  the  irradiation  powers  of  800  W. 
Using  the  common  CO2  laser  wavelength,  the  growth  rate  increased  by  50%  with  800-W 
excitation.  In  our  previous  study,  the  film  thickness  was  also  increased  by  50%  with  a 
laser  excitation  of  600  W  at  this  wavelength  using  different  gas  ratio  [20].  The  highest 
curve  in  Fig.  3.7  shows  the  profile  of  the  film  with  perfect  matching  excitations  at  10.532 
pm.  The  film  thickness  is  about  21  pm  with  800-W  excitation.  Compared  with  the  curve 
of  the  sample  without  laser  irradiation,  the  growth  rate  was  increased  by  160%  with 


800-W  laser  irradiation  at  10.532  pm. 
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Figure  3.7  Thicknesses  of  diamond  films  deposited  for  30  min  without  laser,  with 
CO2  laser  irradiation  at  10.591  pm,  800  W,  and  with  CO2  laser  irradiation  at  10.532 
pm,  800  W. 

To  compare  the  quality  of  the  diamond  films  deposited  with  different  laser 
wavelengths  and  powers,  the  diamond  films  were  characterized  by  Raman  spectroscopy. 
The  Raman  spectra  of  the  deposited  diamond  films  in  the  wavenumber  region  from  1100 
to  1700  cm  1  are  shown  in  Fig.  3.8.  The  bottom  curve  in  Fig.  3.8  corresponds  to  the 
diamond  film  deposited  without  laser  excitation  (black).  A  peak  at  1334  cm  1  is  the 
characteristic  of  diamond.  The  shift  from  the  original  diamond  peak  at  1332  cm  1  is 
related  to  stresses  in  the  films  [30].  A  broad  band  centered  at  1500  cm1  (G  band)  in  the 
bottom  curve  is  due  to  graphite-like  carbon  mixed  with  amorphous  carbon.  There  is  a 
step  from  1340  to  1400  cm  1  on  the  right  side  of  the  diamond  peak,  indicating  that  the 
diamond  peak  is  overlapping  with  a  weak  D  band  reflecting  disordered  carbon  in  the 


films.  Raman  spectra  of  the  diamond  films  deposited  using  the  10.591  pm  excitation  with 


48 


laser  powers  of  800  W  is  shown  in  the  middle  curve  (blue).  It  is  clear  that  the  D  band 
decreased  in  the  case  of  laser  irradiation  with  10.591.  When  the  laser  wavelength  was 
tuned  to  10.532  pm  for  perfect  wavelength  matching  with  the  C2H4  vibration  mode,  the 
diamond  peak  in  the  top  curve  shows  an  obvious  increase  with  800-W  laser  excitation 
(red).  The  diamond  peak  in  the  case  of  laser  irradiation  with  10.532  is  sharper  and 
stronger  than  the  others  with  weak  G  band.  Therefore,  vibrational  excitation  of  C2H4 
molecules  using  the  CO2  laser  at  10.532  pm  not  only  increased  diamond  growth  rate, 
but  also  improved  diamond  crystallinity.  These  results  indicate  the  high  quality  of  the 
diamond  films  and  fast  growth  rate  with  10.532  pm  CO2  laser  excitation. 


1100  1200  1300  1400  1500  1600  1700 
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Figure  3.8  Raman  spectra  of  diamond  films  deposited  for  30  min  without  laser,  with 
CO2  laser  irradiation  at  10.591  pm,  800  W,  and  with  CO2  laser  irradiation  at  10.532 


pm,  800  W. 
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In  this  study,  MEP  was  achieved  in  diamond  CVD  by  introducing  vibrational 
excitations  into  the  thermal-driven  CVD  process.  Vibrational  resonant  excitation  of  the 
C2H4  precursor  molecules  was  studied  using  a  wavelength-tunable  CCE  laser.  The  CVD 
processes  were  accelerated  due  to  the  stronger  laser  energy  coupling  with  the  C2H4 
molecules.  Compared  with  the  common  CO2  laser  at  10.591  pm,  the  laser  wavelength  of 
10.532  pm  is  much  more  effective  to  excite  the  C2H4  molecules  through  the 
CH2-wagging  vibration  mode.  The  diamond  films  deposited  with  the  tunable  laser 
excitation  have  larger  grain  size,  better  crystallinity,  and  faster  growth  rate  than  those 
without  laser  excitation.  Under  laser  irradiation  of  at  10.532  pm,  800  W,  the  diamond 
grain  size  and  film  thickness  increased  by  200-300%  and  160%,  respectively.  Besides 
the  increases  in  grain  size  and  film  thickness,  the  crystallization  of  diamond  structure  was 
also  enhanced  in  the  films.  This  study  suggests  the  possibility  of  laser- induced  MEP 


through  resonant  vibrational  excitations  of  precursor  molecules  in  materials  synthesis. 
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4.1  Introduction 

Study  on  laser-induced  MEP  in  diamond  deposition  through  resonant  vibrational 
excitation  of  precursor  molecules  (ethylene)  was  extended  to  synthesis  of  diamond 
crystals  in  this  chapter.  Since  the  first  report  of  commercially  successful  synthetic 
diamond  in  1955  using  the  high-pressure  high-temperature  technique  [1],  remarkable 
advancements  have  been  made  in  the  synthesis  of  diamond  crystals.  Currently,  diamond 
synthesis  at  low  pressure  by  chemical  vapor  deposition  (CVD)  including  thermal-assisted 
(hot  filament)  CVD,  microwave  plasma-assisted  CVD,  plasma  torch  CVD,  and 
combustion  CVD  has  been  widely  investigated  [2-10].  Combustion  synthesis  of  diamond 
using  an  oxyacetylene  combustion  flame  was  firstly  demonstrated  by  Hirose  and  Kondo 
in  1988  [11].  It  has  been  argued  that  combustion  synthesis  of  diamond  is  the  most  flexible 
of  the  CVD  alternatives  because  of  its  scalable  nature,  minimum  utility  requirement,  and 
significantly  reduced  capital  costs  relative  to  plasma-aided  process  [12]. 

Another  important  advantage  of  this  method  is  the  high  growth  rate  of  diamond 
films  up  to  about  60  pm/hr  [13],  which  is  surpassed  only  by  the  plasma  torch  CVD  [14]. 
Large  individual  crystals  that  approach  1  mm  in  diameter  have  been  obtained  using  the 
combustion  CVD  method  [15,  16].  The  drawback  of  this  method  is  that  the  deposited 
material  often  contains  significant  amount  of  nondiamond  carbons  [17].  Quality  of  large 
diamond  crystals  prepared  using  this  technique  was  degraded  by  the  growth  of 


spherillites  consisting  of  poorly  faceted  polycrystalline  aggregates  and  even  graphite  [18], 
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which  hinders  the  further  increase  of  the  size  of  diamond  crystals  prepared  using  the 
combustion  CVD  method. 

In  this  study,  combustion  synthesis  was  assisted  with  bond- selective  resonant 
laser  energy  coupling.  A  laser-assisted  combustion  synthesis  process  was  developed  for 
growing  high-quality  diamond  crystals  with  high  growth  rates  in  open  air.  Same  with  the 
previous  chapter,  C2H4  was  introduced  into  the  oxyacetylene  combustion  flame  in  order 
to  couple  the  laser  energy  into  the  combustion  reaction  through  the  resonant  excitation  of 
the  ethylene  molecules.  Diamond  crystals  with  an  average  length  of  5  mm  and  a  diameter 
of  1  mm  were  obtained  on  silicon  substrates.  The  effects  of  the  vibrational 
energy-coupling  approach  through  laser-induced  resonant  excitation  of  precursor 


molecules  are  investigated. 
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4.2  Growth  of  diamond  crystals 

The  experimental  setup  is  similar  to  Fig.  3.1  for  the  CCP  laser-assisted  fast  growth 
of  diamond  crystals  in  open  air.  A  commercial  oxygen-acetylene  torch  with  a  1.5  mm 
orifice  tip  was  used  to  generate  the  flame.  The  fuel  was  a  mixture  of  C2H4  and  C2FF  with 
a  gas  flow  ratio  of  1:1,  which  was  then  mixed  with  O2  with  a  volume  ratio  of  1.03 
[(C2H4+C2H2)/02].  A  wavelength-tunable  CO2  laser  (PRC,  spectrum  range  from  9.2  to 
10.9  pm)  was  used  in  the  synthesis  process  to  achieve  resonant  excitation  of  the  C2H4 
precursor  molecules.  Since  there  is  no  obvious  vibrational  mode  within  the  laser 
spectrum  range  for  the  acetylene  molecules,  C2H4  was  added  into  the  precursor  mixture 
to  couple  the  laser  energy  into  the  diamond  growth  process  [19].  The  CH2  wagging  mode 
(V7,  949.3  cm"1)  of  the  C2H4  molecules  corresponds  to  a  wavelength  of  10.534  pm,  which 
has  a  close  match  with  the  CO2  laser  line  at  10.532  pm.  Laser  energy  was  then  coupled 
into  the  reactions  through  resonant  excitation  of  the  C2H4  molecules.  Silicon  (100)  wafers 
with  a  dimension  of  10x10x0.6  mm  were  used  as  substrates.  The  silicon  substrates  were 
pre- seeded  with  100,000-grit  diamond  powders  (Ebersole  Lapidary)  with  an  average  size 
of  0.25  pm.  The  substrate  was  placed  on  a  water  cooling  box  mounted  on  a  motorized 
X-Y-Z  stage.  The  CO2  laser,  tuned  to  10.532  pm  with  a  power  of  800  W,  was  directed  in 
parallel  with  the  substrate  surface  but  perpendicularly  to  the  flame  axis.  The  laser  beam 
was  focused  using  a  ZnSe  convex  lens  (focal  length  =  254  mm)  to  2  mm  in  diameter, 


which  was  around  the  same  as  the  average  diameter  of  the  inner  flame.  The  original 
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length  of  the  flame  was  around  6  mm,  which  shrunk  to  about  3.6  mm  when  the  laser 
beam  was  introduced  into  the  flame  right  underneath  the  nozzle.  The  distance  between 
the  inner  flame  tip  and  the  diamond  growth  site  was  maintained  at  about  0.5  mm,  by  the 
program-controlled  X-Y-Z  stage.  The  temperature  of  the  growth  site  was  monitored  by  a 
pyrometer  (Omega  Engineering,  Inc.,  OS3752).  The  temperature  was  maintained  at  760  - 
780  °C  by  adjusting  the  flow  rate  of  the  water-cooling  box.  To  understand  the  effects  of 
laser-induced  energy  coupling,  diamond  samples  were  also  prepared  without  laser 
irradiation,  but  under  the  same  deposition  condition  including  the  same  gas  flow  ratio  and 
deposition  temperature. 

In  chapter  3,  tungsten  carbide  plates  were  used  as  substrates  for  deposition  of 
diamond  films.  Here  we  used  silicon  as  substrates  for  diamond  large/thick  films  and 
crystals.  Silicon  substrates  were  used  because  the  tungsten  carbide  substrates  contain 
cobalt,  which  decreases  adhesion  of  the  deposited  films  to  the  substrate  and  causes  a 
transformation  of  s/?3 -bonded  diamond  to  .syr -bonded  graphite  [21,  22]. 
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4.3  Characterization  of  the  diamond  crystals 

Surface  morphologies  and  dimensions  of  the  grown  diamond  crystals  were 
characterized  by  a  scanning  electron  microscope  (SEM;  XL-30,  Philips  Electronics). 
Diamond  qualities  were  evaluated  both  by  Raman  spectroscopy  (inVia  H  18415, 
Renishaw)  and  X-ray  diffraction  (XRD;  AXS  D8,  Bruker).  The  exciting  source  of  the 
Raman  system  is  an  argon-ion  laser  with  a  wavelength  of  488  nm  and  a  power  of  100 
mW,  which  was  operated  in  the  multichannel  mode  with  the  beam  focused  to  a  spot 
diameter  of  approximately  5  pm.  Prior  to  and  after  the  Raman  characterization  of  the 
diamond  samples,  the  Raman  system  was  calibrated  using  a  single  crystal  silicon  (100) 
wafer. 

4.3.1  Morphology  study  using  SEM 

Diamond  crystals  were  grown  using  a  continuous  one-step  approach.  In  the  initial 
1  hour  of  the  diamond  deposition,  a  diamond  film  was  deposited  on  the  silicon  substrate 
with  a  preferential  growth  within  the  central  area  of  the  film.  This  was  similar  to  the 
previous  work  of  diamond  film  deposition  on  tungsten  carbide.  As  the  film  thickness 
increased,  diamond  grains  under  the  inner  flame  tip  exhibited  a  much  higher  growth  rate 
and  yielded  diamond  crystals.  The  diamond  crystal  shown  grown  for  5  hours  in  Fig.  4.1(a) 
(side  view)  and  Fig.  4.1(e)  (top  view)  illustrates  how  the  crystal  started  to  grow  on  the 


diamond  film.  The  diamond  crystal  reached  0.6  mm  long  and  0.6  mm  in  diameter.  When 
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the  growth  time  increased  to  15  hour,  the  diamond  crystal  grew  to  a  length  of  around  2 
mm  and  a  diameter  of  0.8  mm,  as  shown  in  Fig.  4.1(b)  (side  view)  and  Fig.  4.1(f)  (top 
view).  Since  the  primary  growth  area  was  always  maintained  at  the  top  of  the  diamond 
crystal,  it  is  easy  to  understand  that  the  vertical  growth  rate  was  much  higher  than  the 
horizontal  growth  rate,  leading  to  the  formation  of  a  pillar-like  shape.  A  diamond  pillar  of 
5  mm  long  and  1  mm  in  diameter  grown  for  36  hours  is  shown  in  Fig.  2(c)  (side  view) 
and  Fig.  4.1(g)  (top  view).  The  average  growth  rate  for  the  36-hour  grown  crystal  was  5 
mm  /  36  hr  which  equals  to  139  pm/hr.  This  is  more  than  twice  that  of  the  conventional 
combustion  CVD  mentioned  in  the  above  paragraphs. 

It  has  been  reported  that  for  the  longer-time  deposition,  the  crystal  surface 
temperature  plays  a  critical  role  in  the  uniform  growth  of  diamond  [16].  Such  a 
phenomenon  was  also  observed  in  this  work.  In  the  growth  longer  than  36  hours,  the 
temperature  of  the  diamond  surface  became  higher  than  850  °C  when  the  diamond  grew 
higher  than  5  mm.  The  higher  temperature  led  to  the  increase  of  secondary  crystallization, 
which  degraded  the  uniformity  of  the  diamond  crystals.  It  is  believed  that  the  surface 
temperature  could  be  maintained  constant  by  decreasing  the  total  gas  flow  and 


introducing  the  multi-step  deposition  method  [16]. 
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Figure  4.1  SEM  images  of  diamond  crystals  grown  with  CO2  laser  excitation  at 
10.532  pm  for  (a)  5,  (b)  15,  and  (c)  36  hours,  respectively;  and  (d)  diamond  grown 
without  laser  irradiation  for  15  hours.  Figures  (e),  (f),  (g),  and  (h)  are  the  top-views 
of  the  samples  in  (a),  (b),  (c),  and  (d),  respectively. 
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Compared  with  diamond  particles  obtained  in  the  15 -hour  growth  without  laser 
irradiation  as  shown  in  Fig.  4.1(d)  (side  view)  and  Fig.  4.1  (h)  (top  view),  laser-assisted 
combustion  synthesis  yielded  diamond  crystals  with  better  uniformity  and  larger  size. 
The  diamond  particles  grown  without  laser  irradiation  were  more  like  a  pile  up  of 
polycrystalline  diamond  grains  and  graphitized  carbons.  This  observation  coincides  with 
the  results  reported  by  Snail  et  al  [23]. 

4.3.2  Crystallinity  study  using  Raman  spectroscopy  and  X-ray  diffraction 

Figure  4.2  shows  the  Raman  spectra  of  the  four  diamond  samples  shown  in  Fig. 
4.1.  Intense  and  sharp  Raman  peaks  at  1332  cm  1  were  observed  in  all  of  the  four  samples. 
Diamond  crystals  obtained  from  the  laser-assisted  combustion  synthesis  only  show  the 
1332  cm"1  Raman  peak  (Figs.  4.2(a)-(c))  with  narrow  FWHM  values  of  4.5  -  4.7  cm"1.  No 
other  signals  were  observed  in  the  Raman  spectra  of  these  three  samples.  Both  strong 
Raman  peak  and  narrow  FWHM  value  indicate  the  high  quality  of  the  diamond  crystals 
grown  with  resonant  laser  energy  coupling.  The  diamond  sample  obtained  without  laser 
energy  coupling  shows  a  Raman  peak  at  1332  cm  1  (Fig.  4.2(d))  but  with  a  much  wider 
FWHM  of  9.2  cm"1.  A  broad  band  from  1100  to  1600  cm  1  was  observed  in  Fig.  4.2(d), 
indicating  the  existence  of  nondiamond  carbon  species,  such  as  sp  hybridized  carbon. 
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Figure  4.2  Raman  spectra  of  the  diamond  crystals  grown  with  CO2  laser  excitation 
at  10.532  pm  for  (a)  5,  (b)  15,  and  (c)  36  hours,  respectively;  and  (d)  diamond  grown 
without  laser  for  15  hours.  Insets  are  the  expanded  Raman  peaks  of  each  spectrum, 
showing  the  full  width  at  half  maximum. 


Figure  4.3  shows  the  XRD  spectra  of  the  four  samples.  Discrete  peaks  from  the 
(111),  (022),  and  (311)  diamond  facets  were  observed  from  all  of  the  four  samples.  The 
signals  are  in  good  agreement  with  the  data  from  the  ASTW  6-675  table  for  natural 
diamond,  indicating  the  formation  of  diamonds.  However,  a  29  signal  at  26°  is  observed 
from  sample  (d),  as  shown  in  Fig.  4.3(d).  This  signal  is  ascribed  to  the  (002)  plane  of 


graphite,  clearly  indicating  the  existence  of  the  graphite  phase. 
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Figure  4.3  X-ray  diffraction  spectra  of  the  diamond  crystals  grown  with  laser 
excitation  at  10.532  pm  for  (a)  5,  (b)  15,  and  (c)  36  hours,  respectively;  and  (d) 
diamond  grown  without  laser  irradiation  for  15  hours. 


Both  Raman  spectroscopy  and  XRD  demonstrate  the  high  quality  of  the  diamond 
crystals  grown  with  the  10.532  pm  COi  laser  excitation.  In  the  meanwhile,  the  15-hr 
grown  sample  without  laser  irradiation  exhibits  poor  diamond  crystallization  with  the 
extensive  existence  of  non-diamond  carbon  structures.  Both  of  them  indicate  the 
advantage  of  the  laser-induced  resonant  excitation. 
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4.4  Conclusions 

A  laser-assisted  MEP  process  was  developed  for  fast  growth  of  diamond  crystals 
in  open  air  through  resonant  vibrational  excitation  of  C2H4  molecules.  High-quality 
diamond  crystals  up  to  5  mm  in  length  and  1  mm  in  diameter  were  obtained.  A  high 
diamond  growth  rate  up  to  139  pm/hr  was  achieved  on  a  silicon  substrate.  The 
laser-induced  vibrational  excitation  enhances  the  chemical  reactions  and  increases  the 
active  radicals  in  the  flame,  which  result  in  fast  growth  of  high-quality  diamond  crystals. 
Crystallinity  of  the  diamond  crystals  were  studied  using  Raman  spectroscopy  and  XRD, 
both  of  which  indicate  high  quality  of  the  diamond  crystals. 
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5.1  Introduction 

Laser-induced  MEP  has  been  achieved  in  diamond  deposition  by  introducing 
resonant  vibrational  excitations  of  precursor  molecules  (ethylene)  using  a 
wavelength-tunable  COo  laser.  By  coupling  laser  energy  into  the  chemical  reactions  for 
diamond  growth  through  vibrational  excitation  of  ethylene  molecules,  diamond  growth 
rate  as  well  as  diamond  crystal  quality  were  promoted.  High-quality  diamond  crystals  as 
large  as  5  mm  in  length  were  grown  in  open  air  with  a  high  growth  rate.  More  detailed 
studies  on  laser  resonant  excitations  in  diamond  synthesis  are  required  to  obtain  a  better 
understanding  of  the  effect  of  vibrational  excitations  on  chemical  reaction  and  on 
diamond  deposition.  Excitation  of  ethylene  molecules  at  different  laser  power  densities  is 
described  in  this  chapter. 

The  wavelength  of  the  CO2  laser  was  tuned  to  10.532  pm  in  order  to  match  the 
CH2  wagging  vibrational  mode  of  ethylene.  By  adjusting  the  incident  laser  power  density 
from  0  to  2.7x10  W/cm',  the  effect  of  laser  energy  coupling  on  diamond  surface 
morphology,  diamond  quality,  as  well  as  energy  coupling  efficiency,  were  studied.  At 
certain  incident  laser  power  densities,  uniform  { 100} -textured  diamond  particles  were 


obtained  in  the  deposited  diamond  films. 
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5.2  Experiments,  results,  and  discussion 

5.2.1  Absorption  of  laser  energy  by  the  flame. 

The  experimental  setup  is  similar  to  that  shown  in  Fig.  3.1.  The  combustion  flame 
was  produced  by  a  gas  mixture  of  C2H4,  C2H2,  and  O2  with  flow  rates  of  0.62,  0.62,  and 
1.20  standard  liters  per  minute  (SLPM),  respectively.  A  wavelength-tunable  CO2  laser 
was  tuned  to  10.532  pm  to  match  the  CH2  wagging  mode  of  the  C2H4  molecules.  The 
laser  power  was  tuned  from  0  to  800  W  to  study  the  effect  of  different  laser  power 
densities  in  diamond  growth.  A  power  meter  was  placed  in  the  laser  path  next  to  the 
combustion  flame.  The  absorbed  laser  power  was  obtained  by  subtracting  the  transmitted 
laser  power  from  the  incident  laser  power.  The  absorbed  laser  power  was  divided  by  the 
original  output  to  calculate  the  laser  energy  absorption  rate. 

Optical  images  of  the  C2H4/C2H2/O2  flames  without  and  with  laser  irradiations  at 
different  laser  powers  shown  in  Fig.  5.1  indicate  that  the  inner  flame  is  shortened  by  laser 
irradiation  and  the  length  keeps  decreasing  as  the  laser  power  density  increases.  The 
flame  shrank  from  6  to  3.5  mm  in  length  and  was  broadened  by  70%  in  width  when  laser 
power  density  was  increased  to  2.7x10  W/cnT.  The  shortened  inner  cone  is  the  result  of 
the  accelerated  reactions  in  the  flame  induced  by  the  laser  resonant  excitation.  Variation 
of  flame  brightness  also  indicates  the  promotion  of  chemical  reactions  in  the  flames.  With 


an  increased  laser  power,  the  brightness  of  the  flame  was  also  increased,  indicating 
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promoted  chemical  reactions  and  higher  concentrations  of  reacting  species. 
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Figure  5.1  Optical  images  of  flames  without  laser  excitation  and  with  laser 
excitations  at  different  laser  power  densities. 

Figure  5.2  shows  the  absorbed  laser  powers  (left,  solid  squares)  and  the 
absorption  coefficients  (right,  solid  triangles)  with  respect  to  the  incident  laser  powers.  It 
is  observed  that  the  absorbed  laser  power  increased  from  ~4.5  to  -72.0  W  when  the 
incident  laser  power  density  increased  from  8.3x10'  to  2.7x10  W/cm'.  On  the  contrary, 
the  absorption  coefficient  decreased  with  the  increase  in  the  incident  laser  power  density. 
It  is  suggested  that  with  the  increase  of  incident  laser  power  density,  absorption  of  laser 
power  approached  its  saturation  limit  due  to  anharmonic  shift  between  higher-lying 
vibrational  states  and  therewith  decrease  in  absorption  cross-section  with  increasing  laser 
energy  power  density  [1,  2].  In  this  study,  however,  the  saturation  was  not  observed  due 


to  the  limited  maximum  laser  power  density. 
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Figure  5.2  Absorbed  laser  powers  (left,  solid  squares)  and  absorption  coefficient 
(right,  solid  triangles)  with  respect  to  incident  laser  power  densities. 

5.2.2  Promotion  of  chemical  reactions  at  different  laser  power  densities 

Optical  emission  spectroscopy  (OES)  was  used  to  study  the  effects  of  the  resonant 
laser  excitations  on  diamond  growth.  OES  spectra  of  the  flames  during  diamond  film 
deposition  were  collected  in  a  direction  perpendicular  to  the  flame  axis.  The  setup  for  the 
OES  study  was  similar  to  that  described  in  previous  chapters.  The  optical  emission  of  a 
flame  was  introduced  into  a  spectrometer  (Shamrock  SR-303i-A,  Andor  Technology) 
coupled  with  an  ICCD  camera  (iStar  DH-712,  Andor  Technology)  through  a 
plano-convex  lens  made  of  UV-grade  quartz.  All  the  spectra  were  taken  with  a  vertical 
collecting  length  of  0.5  mm  along  the  inner  flame  centered  at  the  tip  of  the  inner  flame, 
and  with  a  horizontal  slit  width  of  30  pm  centered  at  the  tip  apex  of  the  inner  flame.  The 


flame  images  taken  were  proportional  to  the  real  flames  in  size.  A  background  spectrum 
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captured  before  collecting  the  emission  spectra  was  subtracted  in  all  the  spectra. 

It  was  demonstrated  that  by  accelerating  the  reactions  in  the  flame,  laser  resonant 
excitation  of  the  C-H  bond  vibration  in  C2H4  molecules  results  in  the  increased 
concentrations  of  several  relevant  intermediate  species.  According  to  the  OES  spectra 
obtained  from  the  flames  without  and  with  laser  irradiations  at  different  laser  powers 
shown  in  Fig.  5.3,  obvious  increases  in  emission  intensities  hence  concentrations  of  OH, 
CH  and  C2  species  were  observed  in  the  laser-irradiated  flames.  The  emission  intensities 
of  these  species  kept  increasing  as  laser  power  increased.  It  is  suggested  that  OH  radicals 
play  a  critical  role  in  combustion  synthesis  of  diamond  by  etching  the  surface-bond 
hydrogen  and  stabilizing  the  sp3  hybridized  surface  carbon  bonds  [3,  4].  The  CH  radicals 
are  also  believed  to  be  helpful  in  diamond  growth  [5].  Both  increments  of  OH  and  CH 
radicals  explain  the  increases  in  growth  rate  and  crystal  quality  in  the  laser-assisted 
combustion  synthesis  of  diamond.  The  C2  radical  has  a  more  important  effect  on  the 
diamond  growth  [6,  7] .  On  an  unhydrided  surface,  the  insertion  of  C2  into  a  C=C  dimer 
bond  produces  a  carbene,  leading  to  secondary  nucleation  and  fast  diamond  growth.  On 
the  monohydride  surface,  the  addition  of  a  C2  into  C-H  bonds  of  a  hydrogen-terminated 
diamond  {100}  and  especially  {110}  surface  is  energetically  favorable,  making  the 
growth  directly  proceed  from  the  existing  crystal  surface  at  a  slow  rate  [6,  7].  Under  our 
experimental  condition  where  hydrogen  is  relatively  abundant,  at  medium  laser  power 
densities  smaller  than  1.0x10  W/cm  ,  the  surfaces  of  diamond  crystallites  should  be 


almost  completely  covered  by  hydrogen  atoms  and  the  surfaces  are  monohydrided,  thus 
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the  growth  can  readily  proceed  from  the  parent  crystallites  and  the  { 100}  orientation  will 
dominate,  considering  the  fact  that  those  with  higher  Miller  indices  essentially  resemble 
{100}  surface  [6].  However,  when  the  laser  power  density  increases  to  above  l.OxlO4 
W/cm  ,  the  C2  concentration  increases  to  a  critically  high  value,  and  the  small  portion  of 
unhydrided  surfaces  could  also  increase  to  a  critical  value.  Under  such  conditions, 
diamond  growth  through  secondary  nucleation  becomes  dominant,  thus  jeopardizing  the 
crystal  orientations  [6,  7].  At  the  same  time,  the  crystal  grain  boundaries  (consisting  of 
n-bonded  carbon  atoms)  also  increase  in  proportion  and  contribute  to  the  slight 
broadening  of  the  Raman  peak  at  1332  cm  1  for  laser  power  above  this  point.  More 
detailed  studies  are  required  to  understand  whether  the  increase  in  the  C2  concentration 
induced  by  laser  excitation  has  a  decisive  impact,  as  well  as  its  roles  playing  in  the 
determination  of  preferred  crystal  orientation. 


Figure  5.3  Optical  emission  spectra  of  flames  without  laser  excitation  and  with  laser 
excitations  at  different  laser  power  densities. 
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5.2.3  Deposition  and  characterization  of  diamond  films 

Tungsten  carbide  (WC)  plates  (BS-6S,  6  wt.  %  Co,  Basic  Carbide  Corp.)  with  a 
dimension  of  12.7x12.7x1.6  mm3  were  used  as  substrates.  The  surface  roughness  of  the 
WC  substrates  was  400  nm.  The  experimental  parameters  are  similar  to  those  described 
in  Chapter  3.  Laser  power  densities  were  calculated  by  dividing  the  incident  laser  powers 
with  the  area  of  the  beam  cross-section  at  the  flame  (-3x10"  cm").  The  original  length  of 
the  flame  was  ~6  mm,  which  shrank  obviously  when  the  10.532-pm  laser  beam  irradiated 
the  flame.  The  distance  between  the  tip  of  the  inner  flame  and  the  diamond  growth  site 
was  maintained  at  about  0.5  mm  by  the  programmable  motorized  XYZ  stage.  The  local 
temperature  of  the  growth  site  was  monitored  by  a  pyrometer  (OS3752,  Omega 
Engineering,  Inc.),  and  maintained  at  -770  °C  by  adjusting  the  flow  rate  of  the  cooling 
water.  The  growth  time  was  1  hour  for  all  the  samples. 

Morphologies  and  grain  sizes  of  the  deposited  diamond  films  are  shown  in  Fig. 
5.4.  Diamond  films  deposited  without  laser  excitations  and  with  low  power  densities  less 
than  1.7x10  W/cm"  have  randomly-oriented  grains  with  small  sizes.  However, 
{ 100} -oriented  facets  began  to  dominate  in  the  center  areas  of  the  deposited  diamond 
films  when  the  laser  power  density  increased  to  3.3x10  W/cm'.  The  preferential  growth 
of  {100}  facets  became  more  dominant  when  the  laser  power  increased.  The  size  and 


uniformity  of  the  {100}  facets  reached  its  maximum  at  an  incident  power  density  of 
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4  2 

1.0x10  W/cm  .  The  orientations  of  the  diamond  facets  became  more  randomly 
distributed  with  further  increased  laser  power  density,  as  indicated  in  Figs.  5.4i  and  5.4j. 
The  SEM  images  indicate  that  the  laser  resonant  excitation  of  C2H4  molecules  plays  an 
important  role  in  modifying  the  morphology  of  diamond  films.  Within  a  certain  range  of 
incident  laser  power  densities,  uniformly  distributed  diamond  {100}  facets  can  be 
obtained.  The  SEM  images  also  show  that  the  grain  sizes  of  the  diamond  crystals 
increased  with  increasing  laser  power.  This  trend  was  further  supported  by  measuring 
diamond  film  thicknesses,  as  shown  in  Fig.  5.5  (left,  solid  squares). 


Figure  5.4  SEM  images  of  diamond  films  deposited  (a)  without  laser  excitation  and 
with  CO2  laser  excitations  at  power  density  of  (b)  8.3xl02,  (c)  1.7xl03,  (d)  3.3xl03,  (e) 
5.0xl03,  (f)  6.7xl03,  (g)  l.OxlO4,  (h)  1.3xl04,  (i)  2.0xl04,  and  (j)  2.7xl04  W/cm2. 
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Figure  5.5  Thickness  of  diamond  films  (left,  solid  squares)  and  thickness  increment 
rate  (right,  solid  triangles)  with  respect  to  different  laser  power  densities. 

The  film  thickness  was  -14.9  pm  without  laser  excitation,  which  increased  to 
-73.8  pm  when  the  laser  power  density  was  increased  to  2.7x10  W/cm".  Table  5.1  shows 
the  relationship  between  the  film  thickness  and  the  incident  laser  power,  where  the 
thickness  increment  was  calculated  by  subtracting  the  thickness  of  the  diamond  film 
deposited  without  laser  from  those  deposited  with  laser  excitations  at  different  laser 
powers.  By  dividing  these  increments  with  the  deposition  time  and  then  with  the  incident 
laser  powers  respectively,  the  thickness  increment  rate  was  obtained,  as  shown  in  Fig.  5.5 
(right,  solid  triangles).  It  is  observed  that  the  increment  rate  increased  in  the  beginning, 
reached  its  maximum  at  3.3x10  ~  6.7x10  W/cm",  and  then  slightly  decreased,  which 
suggests  the  strongest  laser  energy  coupling  in  a  power  density  range  of  3.3 xlO3  ~ 
6.7x10  W/cm  .  In  our  previous  work,  the  increment  rate  for  the  15-min  deposited 

■5 

diamond  films  were  1.80,  1.50,  and  1.10x10'  pm/W-min  for  incident  laser  powers  of 
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100,  400,  and  800  W,  respectively.  These  results  are  very  close  to  those  of  the  60-min 
deposited  diamond  films  (1.95,  1.45,  and  1.23x10  3  pm/W-min  for  100,  400,  and  800  W, 
respectively).  Therefore,  it  is  believed  that  the  increment  is  uniform  throughout  the 
deposition  lasting  one  full  hour. 


Table  5.1  Relationship  between  increment  of  film  thickness  and  the  incident  laser  power. 


Incident  power  (W) 

25 

50 

100 

150 

200 

300 

400 

600 

800 

Thickness  increment  (pm) 

0.35 

4.83 

11.73 

16.25 

24.15 

29.55 

34.75 

47.25 

58.90 

Thickness  increment  rate 
(Xl  0'3  pm/W-min) 

0.23 

1.62 

1.95 

1.80 

2.02 

1.65 

1.45 

1.32 

1.23 

Figure  5.6  shows  the  Raman  spectra  for  the  diamond  films  deposited  without  laser 
excitation  and  with  laser  excitations  at  different  incident  laser  power  densities.  Sharp 
diamond  peaks  around  1332  cm"1  and  broad  amorphous  carbon  bands  around  1500  cm"1 
were  observed  in  all  samples.  The  sample  deposited  without  laser  excitation  exhibits  a 
strong  band  of  amorphous  carbon  and  a  relatively  weak  diamond  peak.  When  the  laser 
excitation  was  used,  the  band  of  amorphous  carbon  was  suppressed  and  the  diamond  peak 
became  stronger.  This  trend  continued  until  the  laser  power  density  was  increased  to 
5.0x10  W/cm-.  As  shown  in  Figs.  5a  and  5b,  Raman  spectra  of  the  diamond  samples 
deposited  under  laser  excitations  with  laser  power  densities  higher  than  5.0x  10  W/cm 
showed  similar  relative  height  of  diamond  peaks  and  amorphous  carbon  bands. 
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Figure  5.6  Raman  spectra  of  diamond  films  deposited  without  laser  excitation  and 
with  laser  excitations  at  different  laser  power  densities. 


Figure  5.7  shows  the  corresponding  Raman  shifts  (left,  solid  squares)  and  full 
width  at  half  maximum  (FWHM;  right,  solid  triangles)  values  of  the  diamond  peaks 
shown  in  Fig.  5.6.  Diamond  peak  shifts  are  correlated  to  residual  stresses  in  the  diamond 
films,  whereas  FWFIM  values  of  the  peaks  represent  diamond  qualities.  It  is  observed 
that  the  diamond  peak  shifted  from  -1338  to  -1332  cm  1  and  then  slightly  increased  to 
-1334  cm*  .  At  laser  power  densities  of  5.0x10  and  6.7x10'  W/cm",  the  diamond  peak 
position  was  closest  to  1332  cm1,  which  is  the  peak  position  of  natural  diamond.  The 
FWHM  curve  of  the  diamond  peaks  has  similar  shape  to  that  of  the  Raman  shift  curve,  as 
shown  in  Fig.  5.7  (right,  solid  triangles).  The  shift  and  broadening  of  Raman  peaks  for 
the  samples  deposited  without  laser  excitation  and  with  low-power-density 
(8.3x10  -3.3x10  W/cm')  laser  excitations  were  believed  resulting  from  low  diamond 
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qualities  due  to  defects,  impurities  and  non-diamond  carbon  contents.  The  diamond 
quality  increased  as  the  incident  laser  power  increased.  On  the  other  hand,  when  the  laser 
power  density  increased  beyond  6.7x10  W/cm-,  another  factor,  residual  stress,  became 
dominant  in  determining  the  position  of  the  diamond  peak.  The  major  contribution  of  the 
residual  stress  comes  from  the  thermal  stress  developed  during  the  cooling-down  process 
from  the  growth  temperature  to  room  temperature,  which  is  caused  by  the  thermal 
expansion  mismatch  between  the  diamond  films  and  the  substrates  [8-13].  For  the 
diamond  films  deposited  with  high  laser  power  density  larger  than  l.OxlO4  W/cm2, 
diamond  films  were  much  thicker,  which  introduced  higher  lateral  stress,  and  resulted  in 
the  shift  and  broadening  of  the  diamond  Raman  peaks.  Based  on  the  Raman  spectroscopy, 
it  is  believed  that  diamond  crystals  with  best  quality  can  be  obtained  when  the  incident 
power  density  is  5.0xl03~6.7xl0’  W/cm2. 


Figure  5.7  Raman  shifts  (left,  solid  squares)  and  full  width  at  half  maximum  values 
(right,  solid  triangles)  of  diamond  peaks  as  functions  of  laser  power  densities. 
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5.3  Conclusions 

Resonant  excitation  of  precursor  molecules  using  different  laser  powers  in 
laser-assisted  growth  of  diamond  crystals  was  studied  to  modify  diamond  surface 
morphology,  obtain  high  diamond  crystal  quality,  and  high  energy  coupling  efficiency.  At 
a  laser  power  density  range  of  5.0xl03~1.0xl04  W/cm2,  { 100}-oriented  diamond  crystals 
were  grown  in  the  center  area  of  the  deposited  diamond  films.  According  to  the  Raman 
spectroscopy  of  the  diamond  films  deposited  with  laser  excitations  at  different  incident 
laser  powers,  best  diamond  qualities  could  be  obtained  when  the  incident  power  density 
was  in  a  range  of  5.0x10  -6.7x10  W/cm'.  The  increment  rates  of  diamond  film 
thicknesses  indicate  that  the  highest  efficiency  of  laser  energy  coupling  could  be  achieved 
in  a  range  of  5.0x10  -6.7x10  W/cm'.  Considering  all  the  above  factors,  it  is  believed 
that  the  incident  power  density  of  6.7x10  W/cm'  is  the  optimal  value  under  the  growth 
condition  used  in  this  study.  This  study  suggests  a  laser-assisted  approach  for 
modifications  of  surface  orientations  in  crystal  growth  through  laser  excitations  of 


precursor  molecules. 
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6.1  Introduction 

Crystallographic  orientations  determine  the  optical,  electrical,  mechanical,  and 
thermal  properties  of  crystals.  Control  of  crystallographic  orientations  has  been  studied 
by  changing  the  growth  parameters,  including  temperature,  pressure,  proportion  of 
precursors,  and  surface  conditions.  In  chapter  5,  we  also  described  diamond  film  with 
{ 100} -oriented  diamond  facets  with  laser  vibrational  excitations  of  ethylene  molecules  at 
certain  laser  power  densities.  However,  molecular  dynamic  mechanisms  underlying  these 
controls  remain  largely  unknown.  In  this  chapter,  we  achieved  control  of  crystallographic 
orientations  in  diamond  growth  through  a  joint  experimental  and  theoretical  study  of  laser 
resonant  vibrational  excitation  of  precursor  molecules.  Resonant  vibrational  excitation  of 
the  ethylene  molecules  using  a  wavelength-tunable  CO2  laser  steers  the  chemical 
reactions  and  promotes  proportion  of  intermediate  oxide  species,  which  results  in 
preferential  growth  of  { 100} -oriented  diamond  films  and  diamond  single  crystals  in  open 
air.  Quantum  molecular  dynamic  simulations  and  reaction-pathway  calculations  provide 
an  in-depth  understanding  of  molecular  reaction  mechanisms  in  the  steering  of  chemical 
reactions  and  control  of  crystallographic  orientations.  This  finding  opens  up  a  new 
avenue  for  controlled  chemical  vapor  deposition  of  crystals  through  resonant  vibrational 
excitations  to  steer  surface  chemistry. 

Laser  control  of  chemical  reactions  through  resonant  excitations  has  been 


extensively  studied  in  bimolecular  collisions,  unimolecular  decompositions,  and  gas-solid 


reactions  [1-5]  However,  the  effects  of  laser  control  of  reactions  are  usually  too  weak  to 


be  significant  for  material  synthesis  [6].  Control  of  chemical  reactions  via  resonant 
vibrational  excitation  of  precursor  molecules  is  promising  in  that  molecular  vibrations  are 
directly  involved  in  the  rearrangement  of  their  bonds  to  become  products  [1,  5].  Lasers 
are  ideal  energy  sources  for  vibrational  excitations  because  their  narrow  bandwidth 
prepares  a  single  vibrational  eigenstate  [5],  which  makes  precise  control  of  reaction 
pathways  feasible.  One  approach  to  laser  control  is  active  intervention,  in  which  the 
phases  of  reagent  motions  are  controlled  during  the  course  of  the  reaction  [6].  This  active 
intervention  may  preferentially  lead  reagents  to  one  of  many  different  reaction  routes.  In 
this  study,  we  introduced  active  intervention  to  material  synthesis  and  achieved  control  of 
the  chemical  reaction  and,  hence,  controlled  crystallographic  orientations  through  laser 
resonant  vibrational  excitations  of  precursor  molecules  in  CVD  of  diamond. 

Many  properties  of  diamond,  including  thermal  conductivity,  optical  behavior, 
and  mechanical  properties,  depend  on  diamond  crystallographic  orientations  [7,  8]. 
Preferential  growth  of  { 100} -textured  diamond  films  has  been  pursued  for  years  because 
of  their  superior  properties  over  those  of  {111}-  and  { 110} -textured  diamonds  [9-16]. 
Mechanically,  { 100} -textured  diamond  films  have  lower  roughness  and  higher  wear 
resistance  as  compared  with  other  crystallographic  directions  [9].  Optical  properties  of 
{ 100} -textured  films  are  superior  to  those  of  { 111 } -textured  films  in  terms  of  refractive 
index  and  extinction  coefficient  [9].  Research  efforts  have  been  exerted  to  achieve 


orientation-controlled  growth  of  diamond.  Liu  et  al.  have  studied  control  of  diamond 
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textures  by  varying  the  growth  parameters,  including  substrate  temperature,  precursor 
concentration,  and  film  thickness  [7].  By  applying  bias-enhanced  nucleation  [11,  12]  and 
introducing  nitrogen  into  the  growth  precursors  [13,  14],  { 100} -textured  diamond  films 
have  also  been  successfully  deposited.  These  methods  are  capable  of  producing 
{ 100} -textured  diamond  films  with  reproducibility.  However,  the  molecular  reaction 
mechanism  remains  elusive,  and  further  investigation  is  needed  to  obtain  an  in-depth 
understanding  of  the  control  of  crystallographic  orientation.  In  our  previous  study, 
resonant  excitations  of  precursor  molecules  have  been  applied  in  the  synthesis  of 
diamond  films  and  crystals  [15,  16].  Diamond  growth  rate  and  quality  were  significantly 
promoted.  Diamond  crystals  with  sizes  up  to  5  mm  were  successfully  obtained  in  open  air 
[16].  Insight  into  the  laser  control  of  chemical  reactions  and  control  of  diamond 


crystallographic  orientations  were  investigated  in  this  research. 
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6.2  Experiments,  results,  and  discussion 

6.2.1  Excitation  of  ethylene  through  vibration-rotation  transitions. 

We  introduced  resonant  excitations  of  precursor  molecules  using  a 
wavelength-tunable  CO2  laser  to  steer  the  chemical  reactions  in  diamond  formation 
which  led  to  the  preferential  growth  of  { 100} -textured  diamond  of  high  phase  purity.  The 
diamond  growth  process  was  steered  by  resonantly  exciting  ethylene  (C2H4)  molecules  to 
higher  vibrational  and  rotational  states.  A  schematic  illustration  of  the  experimental  setup 
is  shown  in  Fig.  6.1a.  The  detailed  experimental  method  is  similar  with  that  in  previous 
chapters.  Tungsten  carbide  plates  were  used  as  substrates.  The  wavelength  of  the  tunable 
CO2  laser  ranged  from  9.2  to  10.9  pm.  Figure  6.1b  shows  a  representative  absorption 
spectrum  of  the  laser  energy  by  the  C2H4/C2H2/O2  flame  with  respect  to  the  laser 
wavelength.  Several  absorption  peaks  were  observed  at  different  wavelengths.  The 
strongest  peak  at  10.532  pm  corresponds  to  the  Q  branch  ( AJ  =  0)  of  a  fundamental 
vibration  mode  (vj,  CFF-wagging)  of  the  ethylene  molecules  [16].  Another  absorption 
peak  at  10.22  pm  corresponds  to  the  R  branch  (AJ  =  1)  of  the  CF^-wagging  mode  [17, 
18],  which  means  that  the  molecules  were  excited  to  a  higher  level  of  vibrational  state 
with  a  higher  level  of  rotation  energy,  as  schematically  indicated  in  Fig.  6.1c. 
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Figure  6.  1  Absorption  of  laser  energy  by  the  C2H4/C2H2/O2  flame,  (a)  Schematic  of 
the  experimental  setup,  (b)  Absorption  of  laser  energy  by  the  C2H4/C2H2/O2  flame. 
The  four  colored  regions  indicate  emission  bands  of  the  wavelength  tunable  CO2 
laser.  The  error  bars  indicate  standard  deviations,  (c)  Vibration-rotation  transitions 
of  an  ethylene  molecule  with  CO2  laser  excitations  at  different  wavelengths. 


6.2.2  Growth  of  {100} -oriented  diamond  films  and  crystals 

We  compared  the  excitations  of  ethylene  molecules  in  the  combustion  flame  by 
laser  irradiation  at  10.22,  10.333  (non-resonant  wavelength),  and  10.532  pm  and 
deposited  diamond  films  with  all  other  parameters  the  same.  Figure  6.2  shows 


representative  SEM  images  of  diamond  films  deposited  for  15  (upper)  and  60  min. 
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(lower),  respectively.  Diamond  films  deposited  without  laser  excitation  were  also 
included  for  comparison.  It  was  observed  that  diamond  films  deposited  by  the  10.22  pm 
laser  excitation  exhibited  predominantly  { 100}  surfaces,  while  those  deposited  under  the 
other  three  conditions  showed  random  orientations.  This  phenomenon  does  not  change 
with  deposition  time,  with  similar  film  morphology  at  different  deposition  time  (15  and 
60  min.).  It  was  demonstrated  that  vibrational  excitation  of  ethylene  molecules  at  10.22 
pm  leads  to  a  preferential  growth  of  { 100} -textured  diamond  films.  Figure  6.3  shows  the 
thicknesses  of  the  four  diamond  films.  Both  the  excitations  at  10.22  and  10.532  pm 
increased  the  film  thickness,  while  the  excitation  at  10.333  pm  had  weak  impact  on  the 
film  thickness.  This  is  in  good  agreement  with  the  energy  absorption  shown  in  Fig.  6.1b, 
where  the  absorption  of  laser  energy  by  the  C2H4/C2FF/O2  flame  is  the  highest  at  10.532 

pm,  followed  by  that  at  10.22  pm,  while  no  obvious  absorption  is  observed  at  10.333  pm. 

Laser  wavelength 


a  No  laser  b  10.22  nm  C  10.333  nm  d  10.532  nm 


Figure  6.2  SEM  images  of  the  diamond  films.  Diamond  films  deposited  without  laser 
(a),  with  CO2  laser  irradiation  at  different  wavelengths  of  10.22  (b),  10.333  (c),  and 
10.532  pm  (d).  (upper:  15-min  deposition,  lower:  60-min  deposition). 
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Figure  6.  3  Thicknesses  of  the  diamond  films  deposited  without  laser  excitation  and 
with  CO2  laser  excitations  at  10.22, 10.333,  and  10.532  pm  for  a)  15  and  b)  60  min. 


Under  the  resonant  excitation  at  10.22  pm,  single  crystal  diamond  with  a  size  of 
300  pm  was  grown  in  5  hr.  in  open  air,  as  shown  in  Fig.  6.4.  Different  from  the  diamond 
crystals  deposited  through  vibrational  excitation  of  ethylene  at  10.532  pm  [18],  this 
diamond  crystal  exhibited  high  uniformity.  A  flat  {100}  surface,  as  shown  in  Fig.  6.4b, 
demonstrated  the  preferential  growth  of  the  {100}  surface  for  long  time  deposition.  No 
twinning  was  observable  in  the  SEM  images  on  the  { 100}  surface.  Twinnings  abundantly 
exist  on  {111}  surfaces,  which  is  believed  to  be  caused  by  the  faster  growth  of  {111} 
surfaces  compared  to  that  of  {100}  surfaces  [15].  The  crystal  shape  of  diamond  facets  is 
determined  by  the  growth  rate  of  the  {100}  surface  (V100)  and  that  of  the  {111}  surface 
(Vin),  as  indicated  by  the  diamond  growth  parameter,  a  =  [7,  22].  The 

facets  that  show  up  at  the  final  stage  of  crystal  growth  are  those  along  which  the  growth 
velocity  is  the  least.  The  growth  velocity  of  the  { 111 }  surfaces  should  be  greater  than  that 


of  the  {100}  surfaces  in  order  to  obtain  the  predominantly  {100}  surfaces.  It  has  been 
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widely  accepted  in  diamond  growth  that  a  higher  growth  velocity  in  a  certain  sector  will 
result  in  lower  phase  purity  in  that  sector,  which  results  in  the  twinnings  on  {111} 
surfaces  [8,  21,  22].  A  lower  concentration  of  twinnings  on  the  {100}  surface  indicates 
high  quality  { 100} -oriented  diamond  crystals. 


a  b 


Figure  6.4  SEM  images  of  a  single-crystal  diamond  grown  for  5  hr  with  CO2  laser 
excitation  at  10.22  pm.  a)  Tilted  view  and  b)  side  view. 

Raman  spectroscopy  was  performed  to  determine  the  phase  purity  of  the  diamond 
films  and  crystals  deposited.  Figure  6.5a  shows  the  Raman  spectra  of  the  diamond  films 
deposited  for  60  min  under  different  excitation  conditions.  The  shift  of  the  diamond  peak 
from  1332  (phase-pure  natural  diamond)  to  1335  cm  1  was  ascribed  to  the  residual 
stresses  in  the  diamond  films  caused  by  differences  in  the  coefficients  of  thermal 
expansion  (CTE)  between  the  diamond  films  and  the  substrates.  The  D  band  is  related  to 
disordered  carbon  structures,  and  the  G  band  corresponds  to  sp2  graphite  phases  in 
diamond  films.  It  is  obvious  that  both  the  D-  and  G  bands  are  suppressed  in  diamond 


films  deposited  with  laser  excitations  at  10.22  and  10.532  pm,  indicating  an  increased 
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purity  of  diamond  spJ  bonding.  The  spectrum  of  the  diamond  film  deposited  with  laser 
excitations  at  10.22  pm  exhibited  even  lower  D-  and  G-  bands,  indicating  that  the  { 100} 
surfaces  have  better  phase  purity  than  other  surfaces.  This  is  in  agreement  with  the 
transmission  electron  microscopic  (TEM)  study  of  different  diamond  growth  sectors, 
which  revealed  that  the  <100>  sector  has  a  low  density  of  dislocations,  while  the  <  1 1 1  > 
sectors  are  highly  defective,  containing  a  high  density  of  dislocations  and  stacking  faults 
[8].  Figure  6.5b  shows  the  Raman  spectra  of  diamond  crystals,  including  those  deposited 
with  10.22  (shown  in  Fig.  6.4a)  and  10.532  pm  excitations  (reported  in  Ref.  18)  as  well 
as  a  type  la  natural  diamond.  The  diamond  peaks  of  these  three  crystals  are  all  located  at 
1332  cm  .  The  D-  and  G-bands  are  invisible  in  all  spectra,  which  indicate  very  high 
purity  of  the  diamond  sp  bonding.  The  full  width  at  half  maximum  (FWHM)  value  of  the 
{ 100} -oriented  diamond  is  3.3  cm'1,  which  is  similar  to  that  of  the  natural  diamond  (3.1 
cm'1),  much  narrower  than  that  of  the  diamond  crystal  deposited  with  the  10.532  pm 
excitation  (4.5  cm"1).  Therefore,  the  { 100} -oriented  diamond  crystal  deposited  with 
vibrational  excitation  of  ethylene  at  10.22  pm  has  high  phase  purity  and  high  crystal 


quality. 
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Figure  6.5  Raman  spectra  of  the  diamond  films  and  crystals,  a)  Diamond  films 
deposited  for  60  min  without  laser  excitation,  with  CO2  laser  excitation  at  10.22, 
10.333,  and  10.532  pm,  respectively,  b)  Diamond  crystals  grown  for  5  hr  with  CO2 
laser  excitation  at  10.22  and  10.532  pm.  A  natural  diamond  crystal  (type  la)  is  also 
characterized  as  comparison.  Insets  in  (b)  show  the  FWHM  of  the  diamond  peak  for 
each  crystal. 


6.2.3  Mechanism  study  using  mass  spectrometry 

Mass  spectroscopy  (MS)  of  the  C2H4/C2H2/O2  combustion  flames  used  for 
diamond  growth  was  performed  under  different  excitation  conditions  to  investigate 
mechanisms  of  the  preferential  growth  of  { 100} -textured  diamond.  The  experimental 
setup  for  the  MS  detection  is  schematically  shown  in  Fig.  6.6.  Ionization  of  species 


occurs  in  the  combustion  flame,  making  the  flame  suitable  for  direct  analysis  using  MS. 
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Positive  ions  in  the  C2H4/C2H2/O2  flames  were  detected  using  a  time-of-flight  mass 
spectrometer  (MS,  AccuTOF™,  JEOL  USA,  Inc.),  as  shown  in  Fig.  6.7.  A  stainless  steel 
orifice  with  an  inner  diameter  of  400  pm  on  the  mass  spectrometer  collects  ions  in  open 
air.  The  combustion  torch  was  fixed  on  a  motorized  XYZ  stage,  and  the  relative  position 
of  the  flame  to  the  orifice  was  precisely  adjusted  so  that  the  tip  of  the  flame  inner  cone 
was  right  in  front  of  the  orifice  under  all  excitation  conditions.  The  MS  data  were 
analyzed  using  the  TSSPro  software  (Shrader  Analytical  and  Consulting  Laboratories,  Inc. 
Version  3.0)  and  the  MS  Tools  software  (JEOL  USA,  Inc.). 


c2h4  c2h2  o2 


Figure  6.6  Schematic  diagram  of  the  experimental  setup  for  mass  spectrometry  of 
the  combustion  flame. 
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Figure  6.7  Pictures  of  the  setup  of  flame  mass  spectrometry,  (a)  Picture  of  the  mass 
spectrometer  and  the  flame  setup,  (b)  A  close  view  of  the  relative  position  of  the  MS 
orifice  and  the  flame  nozzle,  (c)  Picture  of  flame  analysis  using  the  mass 
spectrometer. 

Figure  6.8a  shows  a  representative  mass  spectrum  of  the  C2FL4/C2FF/O2  flame,  in 
which  positive  ions  with  m/z  values  ranging  from  12  to  47  are  detected  and  assigned  as 
CHX+  (x  =  0~3),  C2Hx+  (x  =  0~5),  C3Hx+  (x  =  0~5),  CHxO+(x  =  1~3)  and  C2HxO+(x  =  2~5) 
ions.  Considering  differences  in  ionization  potentials  among  different  species,  the  height 
of  each  line  does  not  necessarily  represent  the  absolute  concentration  of  each  species. 
Nevertheless,  MS  analysis  of  the  flame  is  valuable  to  determine  the  evolvement  of 
species  concentration  under  different  excitation  conditions,  given  that  the  variation  of 
ions  is  proportional  to  that  of  related  species.  Figure  6.8b  provides  a  chromatogram  of  the 
total  ion  current  (TIC)  of  the  C2H4/C2H2/O2  flame  under  different  excitation  conditions, 


which  provides  the  intensity  of  all  detected  ions  in  the  flame.  Figure  6.9  shows 
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chromatograms  of  CH3+,  CH30+,  CoHA  and  C2H30+  as  examples.  The  chromatogram  of 
each  ion  has  similar  shape  with  that  of  the  TIC.  Intensity  of  each  ion  can  be  obtained  by 
calculating  the  average  value  of  the  corresponding  scans.  Average  intensity  of  each 
species  when  the  flame  was  under  laser  excitation  at  10.532  pm  is  marked  by  a  red 
dashed  line.  A  comparison  of  the  ion  intensity  between  the  flame  under  excitation  at 
10.22  and  10.532  pm  indicate  that  intensities  of  the  CH3+  and  C2H3+  ions  were  highest  at 
10.532  pm,  whereas  those  of  the  CH30+  and  C2H30+  ions  were  highest  at  10.22  pm. 


a 


b 


Figure  6.8  Mass  spectrometry  of  the  C2H4/C2H2/O2  flame,  a)  Mass  spectrum  of  the 
flame  irradiated  with  CO2  laser  at  10.22  pm.  b)  Chromatogram  of  the  flame  under 
different  excitation  conditions. 
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Figure  6.9  Chromatograms  of  a)  CH3+,  b)  CH30+,  c)  C2H3+,  and  d)  C2H30+  ions 
derived  from  the  total  ion  current  (TIC)  of  the  C2H4/C2H2/02  flame  without  and 
with  C02  laser  irradiations  at  different  wavelengths. 

The  intensity  of  each  ion  can  be  obtained  by  calculating  the  average  value  of  the 
corresponding  scans.  The  concentration  of  each  ion  was  derived  by  dividing  its  intensity 
with  the  TIC  value  in  order  to  eliminate  the  variation  of  its  absolute  value  in  different 
measurements.  Because  species  containing  one  or  two  carbons  are  of  interest  to  diamond 
growth  [22],  relative  concentrations  of  CHX+  (x  =  0~3),  C2HX+  (x  =  0~5),  CHxO+  (x  = 
1—3),  and  C2HxO+  (x  =  2~5)  ions  were  calculated  and  summarized  respectively,  as  shown 
in  Fig.  6.10.  In  Fig.  6.10a,  the  concentrations  of  both  CHX  and  C2HX  species  were 
increased  by  laser  excitations  at  10.22  and  10.532  pm.  The  CHxO  and  C2HxO  species 


show  similar  trends  in  Fig.  6.10b.  However,  a  detailed  comparison  between  Figs.  6.10a 
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and  6.10b  reveals  a  slight  difference  between  the  species  intensities  with  laser  excitations 
at  10.22  and  10.532  pm.  Concentrations  of  the  CHX  and  C2HX  species  are  the  highest  at 
10.532  pm,  whereas  those  of  the  CHxO  and  C2HxO  species  are  the  highest  at  10.22  pm. 
As  discussed  in  the  beginning  of  this  section,  the  excitation  of  ethylene  molecules  by  the 
CO2  laser  at  10.22  pm  corresponds  to  the  R  branch  (. AJ=\ )  of  the  CH2  wagging  mode, 
which  means  that  the  molecules  are  excited  to  a  higher  level  of  vibrational  state  with  a 
higher  level  of  rotation  energy.  Because  the  energy  transfer  by  the  rotational-translational 
channel  through  binary  molecular  collision  is  much  faster  than  that  by  the 
rotational- vibrational  channel  [23],  higher  rotational  energy  will  result  in  higher 
translational  energy,  which  is  reflected  by  higher  temperature.  That  means  the  excitation 
of  ethylene  molecules  by  the  C02  laser  at  10.22  pm  resulted  in  higher  flame  temperature 
than  the  excitations  at  other  wavelengths  (with  the  same  quantity  of  laser  energy 
absorbed).  The  increased  flame  temperature  consequently  resulted  in  promoted  oxidation 
of  the  carbon  hydride  species.  In  other  words,  concentration  of  the  oxygen-containing 
species  (CHxO,  C2HxO,  etc.)  was  increased  by  higher  flame  temperature  caused  by  the 


C02  laser  excitation  at  10.22  pm. 
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Figure  6.10  Relative  concentrations  of  a)  CHX+  (x  =  0~3),  and  C2H/  (x  =  0~5)  ions 
and  b)  CHxO+  (x  =  1~3),  and  C2HxO+  (x  =  2~5)  ions  with  CO2  laser  excitations  at 
different  wavelengths. 


6.2.4  Theoretical  simulations 

In  order  to  obtain  an  in-depth  understanding  of  the  preferential  growth  of  the 
{ 100} -oriented  diamond  surfaces,  simulations  were  conducted  by  Drs.  Yi  Gao  and  Jaeil 
Bai  from  Professor  Xiao  Cheng  Zeng’s  group  from  Department  of  Chemistry  at 
University  of  Nebraska-Lincoln.  Quantum  molecular  dynamics  (QMD)  simulations  were 
performed  for  exploration  of  intermediate  species  in  the  C2H4/C2H2/O2  flames.  It  is 
shown,  in  the  simulation,  that  as  the  temperature  of  the  flame  is  increased,  the  CHxO  (x  = 
1~3)  and  C2HxO  (x  =  2~5)  species  appear  with  larger  population  through  the  combustion 
process.  The  Cambridge  sequential  total  energy  package  (CASTEP)  software  was 


employed  for  the  QMD  simulation.  The  plane-wave  energy  cutoff  was  set  at  170  eV.  A 
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0.2  eV  finite  smearing  scheme  was  used  for  the  self-consistent  field  (SCF)  calculation. 
The  supercell  of  the  system  t  was  a  14x14x14  A  cubic  box.  The  simulation  cell  initially 
contained  four  C2H4,  four  C2H2,  and  eight  O2  molecules.  The  temperature  of  the  system 
was  controlled  at  2800,  3000,  and  3200  K,  respectively,  using  a  Nose  thermostat.  The 
time  step  of  the  QMD  simulation  was  0.8  fs.  Figure  6.11  shows  the  time  evolution  of  the 
C2H4  molecules  and  intermediate  CHxO  (x  =  1~3)  and  C2HxO  (x  =  2~5)  species  in  the 
flames,  based  on  the  QMD  simulations.  The  vertical  axis  in  the  figures  shows  the 
averaged  numbers  of  intermediate  species  observed  per  20  fs  during  the  simulations.  The 
figures  show  that  as  the  temperature  of  the  flames  is  increased,  the  CHxO  (x=  1~3)  and 
C2fixO  (x=  2-5)  species  appear  in  the  early  stage  and  result  in  a  larger  population  through 
the  combustion  process,  which  is  consistent  with  the  mass  spectrometry  data. 
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Figure  6.11  Time  evolution  of  (a)  C2H4,  (b)  CHxO  (x  =  1-3)  and  (c)  C2HxO  (x  =  2~5) 
species  under  different  temperatures.  The  vertical  axis  in  each  figure  shows  the 
average  numbers  of  the  species  observed  per  20  fs  during  the  QMD  simulations. 


To  gain  molecular  insights  into  the  relative  abundance  of  produced  species  on 


different  diamond  surfaces,  we  computed  the  reaction  pathways  of  two  smaller 


hydrocarbon  oxide  species,  CHO  and  CH2CO,  based  on  periodic  density-functional 


theory  (DFT)  calculations.  The  reaction  pathways  of  two  smaller  hydrocarbon  oxide 


species,  CHO  and  CH2CO,  were  computed  based  on  periodic  density-functional  theory 
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(DFT)  calculations.  The  two  slab  systems  considered  were  four-layer  4x4  diamond  { 111 } 
and  {100}  surfaces.  All  of  the  atoms  of  the  bottom  two  layers  were  fixed,  while  those  of 

o 

the  top  two  layers  were  fully  relaxed.  The  vacuum  slab  was  set  as  20  A  to  avoid 
interactions  between  the  slab  and  its  periodic  images.  The  DFT  calculations  were  carried 
out  with  the  Perdew-Burke-Ernzerhof  (PBE)  [24]  functional  and  double  numerical 
polarized  basis  sets  (DND)  [25,  26].  The  energy  convergence  for  the  self-consistent  field 
calculations  was  set  as  10"5  Hartree,  and  the  energy  convergence  for  the  geometrical 
optimization  was  set  as  2x1  O'5  Hartree.  The  reaction  pathways  were  computed  using  the 
nudged  elastic  band  (NEB)  algorithm  [27].  All  calculations  were  carried  out  by  using 
DMol3  software  package  [25,  26]. 

The  computed  reaction  pathways  for  CH2CO  and  CHO  on  diamond  [100]  and 
{ 111 }  surfaces  are  shown  in  Fig.  6.12.  It  can  be  seen  that  the  reaction  path  on  the  { 111 } 
surface  is  downward  for  CH2CO  while  that  for  CHO  on  the  [111]  surface  is  slightly 
upward  and  then  downward.  This  difference  indicates  that  the  CH2CO  splitting  is  much 
easier  than  CHO  splitting  on  the  diamond  [111]  surfaces  and  that  the  longer  hydrocarbon 
oxides  tend  to  split  more  easily.  Furthermore,  the  intermediate  states  and  transition  states 
are  energetically  more  favorable  on  the  diamond  { 111 }  than  those  on  the  diamond  [100] 
surface  for  both  CHO  and  CH2CO,  suggesting  that  the  splitting  reactions  on  the  diamond 
[111]  are  much  more  facile  than  those  on  the  diamond  [100].  To  achieve  preferential 


growth  of  the  [100]  surface,  predominant  growth  of  the  { 111 }  surface  is  needed  [7,  22]. 
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As  such,  the  diamond  {111}  surface  grows  faster  than  the  {100}  surface,  hence  the 
diamond  {100}  surfaces  tend  to  be  exposed  on  the  crystallites. 


Figure  6.12  Simulated  chemical  reaction  pathways,  (a)  Carbon-carbon  bond 
breaking  of  CHO  molecules  on  {111}  (blue)  and  reconstructed  {100}  (red)  diamond 
surfaces,  respectively,  (b)  Carbon-carbon  bond  breaking  of  CH2CO  molecules  on 
{111}  (blue)  and  reconstructed  {100}  (red)  diamond  surfaces,  respectively.  Grey: 
carbon,  red:  oxygen,  yellow:  hydrogen;  IS:  Initial  State,  TS:  Transition  State,  MS: 
Intermediate  State,  FS:  Final  State. 
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6.3  Conclusions 

We  demonstrated  a  laser-assisted  combustion  process  to  synthesize 
{ 100} -oriented  diamond  films  and  single  crystals  through  resonant  vibrational  excitation 
of  precursor  molecules.  The  CO2  laser  beam  at  10.22  pm  excites  the  ethylene  molecules 
to  a  higher  vibrational  state  with  higher  rotational  energy  in  the  combustion  flame,  which 
increases  the  relative  concentrations  of  the  CHxO  and  CiHxO  species.  Theoretical 
simulations  of  the  reaction  pathway  indicates  that  these  species  react  more  easily  with 
diamond  {111}  surfaces  than  with  {100}  surfaces,  leading  to  a  fast  growth  of  the  {111} 
surface  of  diamond  and  resulting  in  { 100 {-oriented  diamond.  This  finding  opens  up  a 
new  avenue  for  controlled  chemical  vapor  deposition  of  crystals  through  resonant 


vibrational  excitation  of  precursor  molecules. 
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7.1  Introduction 

One  important  objective  of  laser-induced  MEP  is  to  achieve  control  of  chemical 
reactions  through  selective  bond  breaking.  Reaction  control  has  been  avidly  pursued  in 
material  synthesis  to  drive  reactions  to  desired  directions,  to  synthesize  novel  materials 
and  structures,  to  reduce  byproducts,  or  to  achieve  high  energy  efficiency.  Laser  control 
of  chemical  reactions  through  resonant  excitations  has  been  extensively  studied  in 
bimolecular  collisions,  unimolecular  decompositions,  and  gas-solid  reactions  [1-5]. 
However,  the  effects  of  laser  control  of  reactions  are  usually  too  weak  to  be  significant 
for  material  synthesis  [6].  Here  we  studied  laser- induced  mode-selective  reactions  in 
diamond  growth  through  laser  resonant  vibrational  excitations  of  precursor  molecules,  in 
which  two  critical  issues  in  laser  control  of  chemical  reactions  for  material  synthesis  were 
addressed.  Firstly,  the  frequency  match  between  the  laser  and  the  molecular  vibrational 
modes  made  laser  resonant  vibrational  excitations  strong  enough  to  impact  the  entire 
reaction  system.  Secondly,  selective  excitations  of  different  vibrational  modes  indicated 
different  channels  to  couple  laser  energy  for  control  of  chemical  reactions.  Excitation  of 
the  mode  towards  the  reaction  coordinate  (C-C  stretching)  significantly  promoted  the 
C-C  bond  breaking  and  suppressed  diamond  growth,  while  excitations  of  the  “spectator” 
modes  resulted  in  vibrationally  excited  reaction  products  (e.g.  CH3)  and  promoted 
diamond  growth. 


Chemical  reactions  hinge  on  energy  distribution  among  internal  and  translational 
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energies  of  reagents.  Knowing  the  roles  of  different  kinds  of  energy  (vibrational, 
rotational,  or  translational)  in  a  reaction  system  allows  better  control  over  the  outcomes 
of  chemical  reactions  in  material  synthesis.  Control  of  chemical  reactions  via 
mode-selective  vibrational  excitation  of  precursor  molecules  is  promising  in  that 
molecular  vibrations  are  directly  related  to  the  rearrangement  of  their  bonds  to  become 
products  [1,  5].  Lasers  are  ideal  energy  sources  for  vibrational  excitations  because  their 
narrow  bandwidth  prepares  a  single  vibrational  eigenstate  [5],  which  makes  precise 
control  of  reaction  pathways  feasible. 

Two  approaches  to  reaction  control  through  vibrational  excitations  have  been 
reported.  The  first  one  is  state  preparation,  in  which  one  or  more  vibration  modes  of  the 
reagent  were  selectively  excited  before  collision  [6].  In  such  procedures,  intramolecular 
vibrational  energy  redistribution  (IVR)  requires  careful  attention  because  it  competes 
with  the  reaction  and  can  limit  or  prevent  bond-selective  control  [5].  The  second 
approach  is  active  intervention,  in  which  the  phases  of  reagent  motions  are  controlled 
during  the  course  of  the  reaction  [6].  This  active  intervention  may  preferentially  lead 
reagents  to  one  of  many  different  reaction  routes.  The  second  approach  is  more  promising 
in  material  synthesis  because  the  energy  deposited  is  less  affected  by  the  IVR,  making 
mode-selective  reactions  more  feasible  at  macro  scales.  However,  the  active  intervention 
approach  is  less  established  [6].  In  this  study,  we  introduced  active  intervention  to 
material  synthesis,  and  achieved  mode- selective  reactions  through  laser  resonant 


vibrational  excitations  of  precursor  molecules  in  chemical  vapor  deposition  (CVD)  of 
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diamond. 

Diamond  CVD  has  been  well  established  in  industry  to  produce  diamond  thin 
films  and  crystals  [7].  All  CVD  methods,  including  plasma  CVD,  hot  filament  CVD,  and 
combustion  flame  CVD,  hinge  on  near-equilibrium  thermal  heating  to  induce  reactions  in 
the  precursor  gases  required  for  diamond  growth.  Consequently,  it  is  not  possible  to 
achieve  selectivity  among  various  competing  chemical  processes  for  diamond  growth.  In 
our  previous  studies,  we  applied  vibrational  excitations  of  precursor  molecules  in 
combustion  flame  deposition  of  diamond  [8,  9].  Laser  energy  was  coupled  into  the 
reactions  through  vibrational  excitations  of  the  CH2  wagging  mode  of  ethylene  molecules. 
By  introducing  vibrational  excitations,  reaction  rate  in  the  combustion  flame  was 
promoted,  concentration  of  chemical  species  was  increased,  and  diamond  growth  was 
enhanced  both  in  growth  rate  and  phase  purity.  However,  only  one  vibrational  mode  was 
available  in  these  excitations,  which  provides  limited  information  on  mode  selectivity.  In 
order  to  obtain  an  in-depth  understanding  of  vibrational  excitations  in  diamond  growth, 
selective  excitations  of  different  modes  of  larger  molecules  need  to  be  studied. 
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7.2  Experiments,  results  and  discussion 

7.2.1  Excitations  of  propylene  through  different  vibrational  modes. 

Propylene  (C3H6)  was  used  as  the  precursor.  As  discussed  in  Chapter  2,  four  out 
of  the  twenty-one  IR  active  vibrational  modes  of  propylene  fall  in  the  wavelength  range 
of  the  CO2  laser,  including  CH3  rocking  mode  (out-of-plane  wagging,  V17,  1044.7  cm'1,  or 
9.572  pm),  a  combination  of  C=C-C  bending  and  C=CH2  twisting  modes  (963  cm'1,  or 
10.384  pm),  CH3  symmetric  wagging  mode  (vi2,  934.5  cm'1,  or  10.7  pm),  and  C-C 
stretching  mode  (vn,  919  cm1,  or  10.881  pm)  [10,  11].  The  first  mode  has  weaker  IR 
activity  as  compared  with  the  other  three.  The  wavelength-tunable  C02  laser  can  be  tuned 
to  9.586,  10.365,  10.696,  and  10.885  pm,  respectively,  to  match  these  four  vibrational 
modes.  The  experimental  setup  is  schematically  shown  in  Fig.  7.1.  The  laser  power  was 
adjusted  for  each  wavelength  so  that  the  absorbed  laser  energy  was  kept  the  same  for  all 
of  the  four  modes.  Optical  images  of  the  flame  irradiated  by  the  C02  laser  at  different 
wavelengths  as  well  as  that  without  laser  irradiation  are  shown  in  Figure  7.2.  With  laser 
irradiation,  the  flame  became  shorter  and  brighter,  which  indicates  the  promotion  of 
chemical  reactions  and  the  increase  in  concentration  of  species.  The  excitation  of  the  CH3 
rocking  mode  (at  9.586  pm)  had  less  impact  on  the  flame  as  compared  with  the  other 


three  excitations,  which  was  caused  by  its  weaker  IR  activity. 


117 


Figure  7.1  Schematic  experimental  setup  for  mode-selective  excitations  of  propylene 
molecules  in  diamond  deposition. 


Figure  7.2  Optical  images  of  the  C3H6/02  flame  without  laser  irradiation  and  with 
laser  irradiations  at  four  different  wavelengths  respectively  related  with  excitations 
of  CH3  rocking  mode  (9.586  pm),  a  combination  of  C=C-C  bending  and  C=CH2 
twisting  modes  (10.365  pm),  CH3  wagging  mode  (10.696  pm),  and  C-C  stretching 
mode  (10.885  pm).  The  related  mode  is  shown  above  each  flame. 
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7.2.2  Mode-selective  reactions  in  diamond  deposition 

Diamond  films  were  deposited  with  excitations  of  the  four  different  vibrational 
modes,  as  well  as  without  laser  excitation.  Experimental  details  are  similar  to  those  in 
Chapter  3.  Besides  the  differences  in  laser  wavelengths  and  incident  laser  powers,  all 
other  growth  parameters,  including  substrate  temperature,  flame-to-nozzle  distance,  and 
deposition  time,  were  all  the  same.  Typical  SEM  micrographs  of  the  diamond  films  are 
shown  in  Fig.  7.3.  It  is  obviously  observed  that  diamond  growth  is  promoted  by  exciting 
the  CH3  rocking,  the  combination  of  C=C-C  bending  and  C=CH2  twisting,  and  the  CH3 
wagging  modes  as  indicated  by  increased  diamond  grain  sizes.  Astonishingly,  excitation 
of  the  C-C  stretching  mode  suppressed  the  diamond  growth  as  manifested  by  smaller 
diamond  grain  sizes,  shown  in  Fig.  7.3e.  The  differences  are  more  obvious  when 
comparing  film  thicknesses,  as  shown  in  Fig.  7.3f.  Excitation  of  the  C-C  stretching  mode 
suppressed  the  diamond  film  thickness  to  as  small  as  1~2  pm,  while  the  excitations  of  all 
of  the  other  three  modes  increased  the  thickness  compared  to  the  one  deposited  without 


laser  excitation. 
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Figure  7.3  SEM  images  (a-e)  and  thicknesses  (f)  of  diamond  films  deposited  (a), 
without  laser  and  with  laser  excitations  of  (b),  CH3  rocking  mode  (9.586  pm),  (c),  a 
combination  of  C=C-C  bending  and  C=CH2  twisting  modes  (10.365  pm),  (d),  CH3 
wagging  mode  (10.696  pm),  and  (e),  C-C  stretching  mode  (10.885  pm). 


Raman  spectra  of  the  diamond  films  shown  in  Fig.  7.4  indicate  differences  in 
diamond  phase  purity.  The  diamond  peak  at  1338  cm"1  is  higher  and  sharper  for  the  films 
deposited  with  excitations  of  the  CH3  rocking,  the  combination  of  C=C-C  bending  and 
C=CFF  twisting,  and  the  CH3  wagging  modes.  The  non-diamond  bands,  including  the 
D-band  (around  1350  cm"1),  which  is  related  to  disordered  carbon  structures,  and  G-band 
(around  1530  cm'1),  which  is  related  to  the  sp2  graphite  phase,  are  both  suppressed, 


indicating  higher  purity  of  diamond  phase  in  the  films  deposited  under  those  three 
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conditions.  However,  the  diamond  film  deposited  with  excitation  of  the  C-C  stretching 
mode  shows  poor  phase  purity,  as  indicated  by  its  low  diamond  peak  and  relatively  high 
D-  and  G-bands.  The  stronger  background  continuum  indicates  high  photoluminescence 
of  the  diamond  film,  which  means  that  there  are  more  defects  in  the  film  deposited  with 
excitation  of  the  C-C  stretching  mode.  The  experimental  results  clearly  demonstrate  that 
mode-selective  reactions  through  laser  resonant  excitations  of  different  vibrational  modes 
of  the  precursor  molecules  have  a  distinct  impact  on  diamond  growth. 
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Wavenumber  (cm'1) 

Figure  7.4  Raman  spectra  of  diamond  films  deposited  without  laser  and  with  laser 
excitations  of  CH3  rocking  mode  (9.586  pm),  a  combination  of  C=C-C  bending  and 
C=CH2  twisting  modes  (10.365  pm),  CH3  wagging  mode  (10.696  pm),  and  C-C 
stretching  mode  (10.885  pm). 
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7.2.3  Mechanism  study  using  OES  and  MS 

In  order  to  understand  the  mechanisms,  optical  emission  spectroscopy  (OES)  and 
mass  spectrometry  (MS)  were  performed  to  investigate  the  combustion  flame  under 
different  excitation  conditions.  Experimental  details  are  similar  with  those  in  previous 
chapters. 

Figure  7.5  shows  the  OES  spectra  of  the  C3H6/O2  flame  without  laser  excitation 
and  with  laser  excitations  at  different  wavelengths,  in  which  the  emission  peaks  of  C2, 
CH,  and  OH  radicals  were  detected.  Intensities  of  each  radical  obtained  under  each  of  the 
five  conditions  were  calculated  by  integrating  related  signals.  The  intensities  of  these 
three  radicals  in  the  flames  irradiated  by  the  CO2  laser  were  compared  with  those  in  the 
flame  without  laser  irradiation.  The  ratios  are  shown  in  Fig.  7.5b.  Under  all  of  the  four 
laser-involved  conditions,  the  concentrations  of  the  C2,  CH,  and  OH  radicals  were 
increased.  However,  in  the  C-C  stretching  excitation,  the  increase  in  the  C2  and  CH 
concentrations  is  much  lower  than  those  in  the  other  three  excitations.  On  the  other  hand, 
concentration  of  the  OH  concentration  is  higher  in  the  C-C  stretching  excitation  than  in 
the  other  three  excitations.  This  is  in  agreement  with  the  fact  that  OH  plays  an  important 
etching  role  in  the  combustion  flame  deposition  of  diamond  [12,  13].  Diamond  growth  is 
a  balance  between  attaching  carbon-containing  species  on  the  diamond  growth  surface 
and  etching  of  non-carbon  atoms  or  structures.  Over-populated  etching  species,  such  as 


OH,  results  in  over-etching  of  the  growth  surface,  leading  to  suppressed  diamond  growth. 
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Besides  C2,  CH,  and  OH,  there  are  many  more  species  in  the  combustion  flame.  Mass 


spectrometry  was  applied  to  explore  more  details  of  the  reactions.  Combustion  flame 


itself  is  an  ionization  source  in  which  most  of  the  species  have  a  portion  of  ions  [14].  This 


makes  MS  a  suitable  approach  for  real-time  analysis  of  the  combustion  flame. 
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Figure  7.5  Optical  emission  spectroscopy  of  the  C3H6/O2  flame,  (a),  Optical  emission 
spectra  of  the  flame  without  laser  irradiation  and  with  laser  irradiations  at  9.586, 
10.365,  10.696  and  10.885  pm.  The  peaks  in  each  spectrum  are  respectively  assigned 
to  OH,  CH  and  C2  radicals;  (b),  Relative  concentrations  of  OH,  CH,  and  C2  radicals 
in  each  flame.  The  value  of  each  column  is  the  ratio  of  the  radical  concentration  in 


the  laser  irradiated  conditions  over  that  in  the  no-laser  condition. 
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Figure  7.6  shows  a  chromatograph  of  the  C3H6/O2  flame  without  laser  irradiation 
and  with  laser  irradiations  at  the  four  wavelengths.  Examples  of  the  positive  mass  spectra 
with  and  without  laser  excitation  at  10.696  pm  are  given  in  Fig.  7.7.  CxHyOz  (x  =  0-12,  y 
=  0-12,  z  =  0-3)  ions  with  m/z  values  ranging  from  12  to  150  were  detected.  Considering 
differences  in  ionization  potential  among  different  species,  the  height  of  each  line  does 
not  necessarily  represent  the  exact  concentration  of  each  species.  Nevertheless,  MS 
analysis  of  the  flame  is  valuable  in  determining  the  evolvement  of  species  concentration 
under  different  excitation  conditions,  given  that  the  variation  of  ions  is  proportional  to  the 
variation  of  related  species. 


Figure  7.6  Chromatograph  of  the  flame  when  irradiated  by  the  CO2  laser  at  10.885, 
10.696, 10.365,  and  9.586  pm,  and  without  laser  irradiation. 
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Figure  7.7  Mass  spectrum  of  the  flame  (a),  without  laser  irradiation  and  (b),  with 
laser  irradiation  at  10.696  pm. 


The  C3H6/O2  combustion  flame  is  a  complicated  chemical  reaction  involving  a 
number  of  bond  cleavages  and  rearrangements,  among  which  the  C-C  single  bond 
cleavage  is  a  favorable  reaction  coordinate  [15].  Directly  depositing  energy  on  the  C-C 
stretching  mode  is  more  efficient  in  exciting  the  molecules  to  their  transition  states  and  in 
driving  the  chemical  reactions.  Consumption  of  oxygen  will,  therefore,  be  less.  The 
promoted  C-C  bond  breaking  and  decreased  oxygen  consumption  are  both  confirmed  by 
comparing  the  evolvement  of  concentrations  of  the  CH3+,  C2H3+  (direct  product  of  the 
C-C  single  bond  breaking),  and  O2  ions,  as  shown  in  Fig.  7.8.  The  increase  of  CH3  and 
C2H3  concentrations  by  excitation  of  the  C-C  stretching  mode,  as  shown  in  Fig.  7.8a,  is 


much  higher  than  that  by  excitation  of  all  of  the  other  three  modes,  indicating  a  high 


125 


efficiency  when  directly  coupling  laser  energy  to  the  bond  that  relates  to  the  reaction 
coordinate.  The  lower  consumption  of  O2  in  the  excitation  of  the  C-C  stretching  mode 
results  in  higher  concentration  of  Oo  molecules,  as  indicated  by  a  higher  concentration  of 
O2"  ions  in  Fig.  7.8b.  More  O2"  ions  result  in  more  CT  and  OH  ions,  as  shown  in  Fig.  7.8c. 
All  three  species  play  roles  in  etching  [16],  resulting  in  over-etching  of  the  diamond 
growth  surface,  and  leading  to  the  suppressed  diamond  growth.  It  should  be  pointed  out 
that  the  normalized  concentration  of  each  species  in  Fig.  7.8  is  the  “ratio”  of  that  species 
in  each  spectrum,  which  does  not  reflect  the  exact  concentration  of  the  species  in  the 
flame.  This  is  different  from  that  of  the  OES  spectrum,  in  which  the  emission  intensity  is 
determined  by  the  “amount”  of  each  species.  This  explains  why  the  evolvement  of  the 
OH  species  under  different  excitation  conditions  looks  different  in  the  OES  and  MS 
analyses. 

When  the  CH3  wagging  (V12)  mode  was  excited,  little  energy  was  channeled  to  the 
C-C  breaking  coordinate.  Most  of  the  energy  deposited  on  this  mode  is  conserved  in  the 
CH3  radicals,  resulting  in  vibrationally  excited  CH3  products  [5,  17].  The  vibrationally 
excited  CH3  radicals  have  lower  energy  potential  for  further  reactions,  making  them 
easier  to  react  with  other  species.  The  concentration  of  the  CH3  species  is,  hence,  lowered 
in  the  flame  with  excitation  of  the  CH3  wagging  mode,  as  demonstrated  in  Fig.  7.8d.  This 
phenomenon  is  in  good  agreement  with  the  study  by  Killelea  et  al.  [5]  and  Yan  el  al.  [17]. 
It  has  been  demonstrated  in  both  reports  that  excitation  localized  in  the  reactive  bond 


(reaction  coordinate)  promotes  transition  state  access  and  bond  cleavage,  whereas 
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excitation  in  the  vibrations  of  nonreactive  (spectator)  bonds  correlates  with  excitation  of 
reaction  products.  The  excitation  of  the  combination  of  C=C-C  bending  and  C=CH2 
twisting  modes  (at  10.365  pm)  involves  too  many  bonds  and  motions;  the  CH3  rocking 
mode  (at  9.586  pm)  is  less  IR  active.  Both  excitation  conditions  lead  to  more  complicated 
results  which  need  further  investigation. 


a 


Figure  7.8  Concentration  of  (a)  CH3+,  C2H3+,  (b)  02+,  and  (c)  O'  and  OH"  ions  in  the 
flame  and  their  evolvement  under  different  laser  irradiation  conditions.  The 
concentrations  were  all  normalized.  Error  bars  indicate  standard  deviations  of  each 


ion  concentration. 
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7.3  Conclusions 

We  studied  mode- selective  reactions  in  diamond  growth  through  laser  resonant 
vibrational  excitations  of  precursor  molecules  using  a  wavelength-tunable  CO2  laser.  It 
was  proved  that  excitation  of  the  vibrational  mode  toward  the  reaction  coordinate 
promotes  transition  state  access  and  bond  cleavage,  but  this  also  results  in  over-populated 
etching  species  which  suppressed  the  diamond  growth.  Excitations  of  the  modes  not 
directly  related  to  the  reaction  coordinate  result  in  vibrationally  excited  reaction  products, 
leading  to  formation  of  beneficial  species  for  diamond  growth.  This  research  is  helpful  in 
establishing  the  active  intervention  in  control  of  chemical  reactions,  which  opens  up  a 
new  avenue  for  mode- selective  reactions  in  material  synthesis  through  laser  resonant 


vibrational  excitations. 
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CHAPTER  8 


Summary  of  Current  Work  and  Suggested  Future 
Directions 


8.1  Summary  of  current  work 
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resonant  excitation  of  ammonia  (NH3) 

8.2.1  Similarities  between  NHj  and  C2H4  molecules  in  laser-induced  vibrational 
resonant  excitations 

8.2.2  Resonant  excitation  of  ammonia  molecules  for  synthesis  ofGaN 
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8.1  Summary  of  current  work 

Laser-induced  multi-energy  processing  (MEP)  introduces  resonant  vibrational 
excitations  of  precursor  molecules  to  conventional  chemical  vapor  deposition  for  material 
synthesis.  In  this  study,  efforts  were  extended  to  explore  the  capability  of  resonant 
vibrational  excitations  for  promotion  of  energy  efficiency  in  chemical  reactions,  for 
enhancement  of  diamond  deposition,  and  for  control  of  chemical  reactions  through 
mode-selective  vibrational  excitations.  A  novel  synthetic  process  was  developed  to  grow 
diamond  films  and  crystals  in  open  air  using  laser-assisted  MEP  through  laser  resonant 
vibrational  excitations  and  defy  the  traditional  difficulties  in  diamond  growth.  The 
research  project  mainly  focused  on  resonant  vibrational  excitations  of  ethylene  (C2H4) 
and  propylene  (C3H6)  precursor  molecules  using  lasers  in  combustion  flame  deposition  of 
diamond,  which  led  to:  1)  promotion  of  efficiency  of  chemical  reactions;  2)  enhancement 
of  diamond  growth  with  higher  growth  rate  and  better  crystallization;  3)  steering  of 
chemical  reactions  which  lead  to  preferential  growth  of  { 100} -oriented  diamond  films 
and  crystals;  and  4)  mode- selective  control  of  chemical  reactions  through  selective 
excitations  of  different  vibrational  modes. 

Vibrational  resonant  excitation  of  the  C2H4  precursor  molecules  was  achieved 
using  a  wavelength-tunable  CO2  laser  in  combustion  flame  CVD  of  diamond  films.  The 
CVD  processes  were  accelerated  due  to  the  stronger  laser  energy  coupling  with  the  C2H4 


molecules.  Compared  with  the  common  CO2  laser  at  10.591  pm,  the  laser  wavelength  of 
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10.532  pm  is  much  more  effective  to  excite  the  C2H4  molecules  through  the  CH2 
wagging  vibration  mode.  Diamond  films  deposited  with  the  tunable  laser  excitation  have 
larger  grain  size,  better  crystallinity,  and  faster  growth  rate  than  those  without  laser 
excitation.  Under  the  laser  irradiation  of  800  W  at  the  wavelength  of  10.532  pm,  the 
diamond  grain  size  and  film  thickness  increased  by  200-300%  and  160%,  respectively. 
Besides  the  increases  in  grain  size  and  film  thickness,  the  crystallization  of  diamond 
structure  was  also  enhanced  in  the  film. 

Fast  growth  of  diamond  crystals  on  Si  substrates  was  achieved  in  open  air 
through  laser-assisted  MEP  by  resonantly  exciting  ethylene  molecules.  High-quality 
diamond  crystals  up  to  5  mm  in  length  and  1  mm  in  diameter  were  obtained.  A  high 
diamond  growth  rate  up  to  139  pm/hr  was  achieved  on  a  silicon  substrate.  Optical 
emission  spectra  of  the  flame  with  and  without  laser  irradiation  indicate  that  the 
laser-induced  vibrational  excitation  enhances  the  reaction  and  increases  the  active 
radicals  in  the  flame,  which  result  in  the  fast  growth  of  high-quality  diamond  crystals. 

Resonant  excitation  of  precursor  molecules  using  different  laser  power  densities 
in  laser-assisted  growth  of  diamond  was  studied  to  modify  diamond  surface  morphology, 
obtain  high  diamond  crystal  quality,  and  high  energy  coupling  efficiency.  At  a  laser 
power  density  range  of  5.0x10  -1.0x10  W/cm",  { 100} -oriented  diamond  crystals  were 
grown  in  the  deposited  diamond  films.  According  to  the  Raman  spectroscopy  of  the 
diamond  films  deposited  with  laser  excitations  at  different  incident  laser  powers,  best 


diamond  qualities  could  be  obtained  when  the  incident  power  density  was  in  a  range  of 
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3  3  2 

5.0x10  -6.7x10  W/cnr.  The  increment  rates  of  diamond  film  thicknesses  indicate  that 
the  highest  efficiency  of  laser  energy  coupling  could  be  achieved  in  a  range  of 
5.0x10  -6.7x10  W/cnT.  This  study  provides  understanding  of  the  laser-assisted  MEP  in 
certain  details,  and  suggests  further  investigation  directions  in  mechanisms  of  vibrational 
excitations  and  preferential  growth  of  { 100} -oriented  diamond. 

Efforts  were  extended  to  grow  { 100} -oriented  diamond  films  and  single  crystals 
through  resonant  vibrational  excitation  of  precursor  molecules,  and  to  understand  the 
mechanisms  for  the  preferential  growth  of  the  { 100} -oriented  diamond.  The  CCE  laser 
which  was  tuned  to  10.22  pm  excited  the  ethylene  molecules  to  a  higher  vibrational  state 
with  higher  rotational  energy  in  the  combustion  flame,  which  increased  the  relative 
concentrations  of  the  oxides  of  carbon  hydride  species  (CHxO  and  C9p[xO  species  in 
special).  Theoretical  simulations  of  the  reaction  pathway  indicates  that  these  species  react 
more  easily  with  diamond  {111}  surfaces  than  with  {100}  surfaces,  leading  to  a  fast 
growth  of  the  {111}  surface  of  diamond  and  resulting  in  { 100 {-oriented  diamond.  This 
finding  opens  up  a  new  avenue  for  controlled  chemical  vapor  deposition  of  crystals 
through  resonant  vibrational  excitation  of  precursor  molecules. 

Mode- selective  reactions  in  diamond  growth  through  laser  resonant  vibrational 
excitations  of  propylene  (C3H6)  molecules  were  studied  using  a  wavelength-tunable  CCE 
laser.  It  was  proved  that  excitation  of  the  vibrational  mode  toward  the  reaction  coordinate 


promotes  transition  state  access  and  bond  cleavage,  but  this  also  results  in  over-populated 
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etching  species  which  suppressed  the  diamond  growth.  Excitations  of  the  modes  not 
directly  related  to  the  reaction  coordinate  result  in  vibrationally  excited  reaction  products, 
leading  to  formation  of  beneficial  species  for  diamond  growth.  This  research  is  helpful  in 
establishing  the  active  intervention  in  control  of  chemical  reactions,  which  suggests  a 
new  paradigm  for  mode-selective  reaction  control  in  material  synthesis  through  laser 
resonant  vibrational  excitations. 


135 


8.2  Suggested  future  directions:  synthesis  of  gallium  nitride  through  resonant 
excitation  of  ammonia  (NH3) 

8.2.1  Similarities  between  NH<  and  C2H4  molecules  in  laser-induced  resonant  vibrational 
excitations. 

Similar  to  C2H4,  NH3  is  another  molecule  that  has  high  absorption  coefficient  of 
CO2  laser  energy  through  vibrational  resonant  excitations.  The  umbrella  mode  (V2, 
symmetric  N-H  bending)  of  NH3  has  split  energy  levels  at  932.51  cm"1  (10.724  pm)  and 
968.32  cm"1  (10.324  pm)  [1],  Both  frequencies  match  well  with  the  CO2  laser 
wavelengths  of  10.719  pm  and  10.333  pm.  The  absorption  coefficients  of  NH3  [2]  and 
C2H4  gases  at  the  CO2  laser  emission  band  00°1-01°0  are  shown  in  Fig.  8.1.  The  two 
absorption  peaks  for  NH3  at  around  10.724  and  10.324  pm  are  very  obvious,  similar  to 
that  for  C2H4  at  10.532  pm  (V2,  CfT  wagging).  It  is  believed  that  by  tuning  the  laser  to 
both  matching  wavelengths  and  irradiating  the  reacting  NH3  gas  in  the  chemical  reactions, 
NH3  molecules  would  be  resonantly  excited  and  the  reactions  would  be  promoted.  This 
has  a  potential  significance  in  materials  synthesis  because  ammonia  is  a  major  nitrogen 
source  for  synthesis  of  nitride  materials,  such  as  gallium  nitride  (GaN). 
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Figure  8.1  Absorption  coefficients  of  NH3  and  C2H4  gases  at  the  CO2  laser  00°1-10°0 
emission  band  and  their  corresponding  vibrational  modes. 


8.2.2  Resonant  excitation  of  ammonia  molecules  for  synthesis  ofGaN. 

Gallium  nitride  (GaN)  is  a  promising  semiconductor  material,  especially  in  areas 
where  conventional  semiconductors  cannot  be  used.  The  unique  properties  of  GaN  have 
found  widespread  applications.  First,  its  wide,  direct  band  gap  (3.4  eV)  enables 
short-wavelength  light  emission,  which  makes  full-color  display,  high-density  digital 
storage  and  energy-efficient  lighting  feasible  [3-5].  Second,  the  strong  bond  strength  of 
GaN  makes  it  very  competitive  in  high-power/high-temperature  applications,  such  as 
advanced  power  distribution,  electric  vehicles,  and  avionics  [6-8].  Since  GaN  cannot  be 
grown  from  its  stoichiometric  melt  by  the  Czochralski  or  Bridgman  methods  commonly 


used  for  typical  semiconductors,  numerous  efforts  have  been  made  to  create  low-pressure 
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epitaxy  of  GaN.  Metalorganic  vapor  phase  epitaxy  (MOVPE)  [9-11],  hydride  vapor  phase 
epitaxy  (HVPE)  [12-14],  and  molecular  beam  epitaxy  (MBE)  [15-17]  have  been 
successful  in  synthesizing  GaN  epilayers. 

A  common  difficulty  in  synthesis  of  GaN  is  the  low  decomposition  efficiency  of 
ammonia  (NH3),  which  is  the  predominant  nitrogen  source  for  all  of  the  synthesis 
methods.  Hence,  a  high  temperature  substrate  is  needed  for  pyrolysis  of  NH3  [16,  18], 
which  in  turn  results  in  a  large  density  of  defects  in  GaN  epilayers  as  well  as  substrate 
warp  caused  by  differences  of  thermal  expansion  coefficients  between  GaN  epilayers  and 
substrates  [19].  The  high  substrate  temperature  also  obstructs  GaN  from  being 
incorporated  in  low-temperature  applications,  such  as  organic  optoelectronics  [4,  5].  To 
address  this  critical  issue,  laser-assisted  metalorganic  vapor  phase  epitaxy  (L-MOVPE)  is 
suggested  to  promote  the  dissociation  of  NH?  molecules  using  the  wavelength-tunable 
CO2  laser,  as  shown  in  Fig.  8.2.  It  is  anticipated  that  with  the  suggested  technique,  one 
vibrational  mode  of  the  NH3  molecule  can  be  resonantly  excited.  Dissociation  of  N-H 
bonds  will,  therefore,  be  promoted;  and  related  chemical  reactions  will  be  enhanced, 
enabling  us  to  grow  GaN  epilayers  with  much  lower  substrate  temperatures. 
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C02  laser  (wavelength  tunable) 
♦  ft  & 


Figure  8.2  Resonant  excitation  of  NH3  molecules  and  lateral  epitaxy  of  GaN  film. 

Laser  energy  is  absorbed  by  NH3  molecules  through  resonant  excitation  of  the 
umbrella  mode  (V2,  symmetric  N-H  bending)  of  NH3  [20],  as  shown  in  Fig.  8.1.  By  tuning 
the  CO2  laser  emission  wavelength,  highly  efficient  coupling  of  laser  energy  and 
excitation  of  the  NH3  molecules  will  be  achieved.  The  CCL  laser  emission  wavelength 
will  be  tuned  to  either  10.333  or  10.719  pm  to  efficiently  excite  the  NH3  molecules.  With 
this  wavelength  tunability  to  achieve  high-efficiency  excitation  of  NH3  molecules, 
dissociation  of  the  N-H  bonds  will  be  significantly  promoted.  Different  from  traditional 
MOVPE  processes  which  rely  on  substrate  heating  for  the  dissociation  of  N-H  bonds,  this 
method  requires  much  less  energy  from  the  substrate;  and,  hence,  the  substrate 
temperature  will  be  maintained  at  much  lower  levels.  Like  the  enhancement  of  diamond 
growth  with  resonant  excitation  of  C2H4  molecules,  resonant  excitation  of  NH3  molecules 
is  expected  to  promote  the  epitaxy  of  GaN.  It  should  also  be  pointed  out  that  both  the 


TMGa  precursor  and  the  main  byproduct  of  the  reaction,  CH4,  have  no  resonant 
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wavelength  within  the  tunable  range  of  the  CO2  laser.  As  a  result,  the  laser  irradiation 
will  have  no  significant  effect  on  these  two  molecules,  and  hence  no  extra  byproduct  will 
be  introduced  by  the  laser  irradiation. 


Carrier  gas  +  Ga(CH3)3  NH3 


Figure  8.3  Schematic  diagram  of  the  experimental  setup  for  L-MOVPE  of  GaN 
epilayers. 

The  wavelength-tunable  CO2  laser  plays  important  roles  in  promoting  chemical 
reactions  through  resonant  excitation  of  NH3  molecules.  As  a  first  step,  resonant 
vibrational  excitation  of  NH3  will  be  investigated  through  experimental  efforts.  A 
schematic  diagram  of  the  experimental  setup  is  shown  in  Fig.  8.3.  A  wavelength-tunable 
kilowatt  CO2  laser  will  be  used  to  resonantly  excite  NH3  molecules.  Two  parameters  of 
the  laser,  including  beam  diameter  and  laser  power,  will  be  adjusted  in  order  to  vary  laser 
energy  density  for  optimal  conditions  of  excitation.  Shape  and  diameter  of  the  laser  beam 


will  be  adjusted  by  a  series  of  antireflective-coated  zinc  selenide  (ZnSe)  lenses. 
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Precursors  of  NH3  and  Ga(CH3)3  (TMGa)  carried  by  nitrogen  (N2)  gas  will  be  introduced 
into  a  vacuum  chamber  after  evacuation.  The  gas  flow  rate  will  be  controlled  by 
mass-flow  controllers.  The  pressure  in  the  chamber  will  be  controlled  by  pressure 
controllers.  The  vacuum  chamber  has  a  ZnSe  window  to  introduce  the  CO2  laser  beam 
into  the  gas  flow,  and  another  ZnSe  window  will  allow  extra  laser  energy  to  be  dissipated 
outside  of  the  chamber.  Both  windows  will  be  cooled  and  purged  with  No  gas  to  avoid 
thermal  damage,  fogging,  or  residual  deposition  due  to  the  high  power  of  the  CO2  laser. 
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